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Faithful segregation of duplicated chromosomes into two daughter cells during 
mitosis is essential for maintenance of genomic stability. Erroneous chromosome 
segregation leads to aneuploidy, which is commonly found in human solid tumors 
and may even drive tumorigenesis (Kops et al., 2005). To ensure the fidelity of 
chromosome segregation, duplicated chromosomes congress and align at the 
metaphase plate; the process involves the functional and physical end-on connection 
between the kinetochore assembled on the surface of each chromosome and 
microtubules emanating from the two opposing spindle poles. Encoded by BUB1B 
gene (Budding Uninhibited By Benzimidazoles 1 Homolog Beta) BUBR1 is a 
mitotic phosphoprotein essential for the maintenance of chromosome stability by 
promoting chromosome congression and proper kinetochore-microtubule attachment 
in the metaphase plate. However, the underlying mechanism(s) has remained elusive. 
Protein phosphatase 2A (PP2A) is one of the major serine/threonine phosphatases in 
regulating multiple cellular processes including mitosis. PP2A commonly forms a 
heterotrimer in which regulatory “B” subunits determine the subcellular localization 
and substrate specificity of the holoenzyme (Virshup and Shenolikar, 2009). Here I 
show that B56 family regulatory subunits of PP2A are essential for the maintenance 
of chromosome stability by promoting chromosome congression and kinetochore 
end-on attached microtubule (K-fiber) formation.  
 
Furthermore, I identified BUBR1 as a binding partner of the B56 family in a 
redundant manner. The interaction between BUBR1 and the B56 family is required 
for chromosome congression, since point mutations in BUBR1 that block B56 
binding also abolish chromosome congression and subsequent K-fiber formation. 
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The BUBR1:B56-PP2A complex opposes Aurora B kinase activity, since defects 
caused by loss of the complex can be reverted through inhibiting Aurora B. 
Importantly, I show that the failure of BUBR1 to recruit B56-PP2A is also directly 
responsible for the defect of chromosome congression found in cells derived from 
patients with the Mosaic Variegated Aneuploidy (MVA) syndrome.  
 
Strikingly, failure to recruit B56 by BUBR1 causes significant deviation of 
kinetochore away from the metaphase plate and toward the poles of the mitotic 
spindle. This poleward movement is due to a relative increase in minus-end-directed 
force on chromosomes, as this congression defect can be rescued by depletion of 
HSET/kinesin-14 (a major minus-end directed motor protein). Moreover, I 
demonstrate that HSET may be recruited to the kinetochores via interaction with a 
kinetochore protein Hec1 in an Aurora B phosphorylation-dependent manner.  
 
Together, I propose that B56-PP2A is a key mediator of BUBR1’s role in 
chromosome congression and functions by antagonizing Aurora B activity at the 
kinetochore, leading to balanced motor activity that is essential for establishing 
stable kinetochore-microtubule attachment at the metaphase plate.        
 VIII	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A or Ala alanine 
a.a amino acid 
APC adenomatous polyposis coli 
APS Ammonium persultate 
 
β-TrCP β-transducin repeats-containing protein 
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BSA bovine serum albumin 
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PCR polymerase chain reaction 
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RNAi RNA interference 
 
S or Ser serine 
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
siRNA short interfering RNA 
SNP single nucleotide polymorphism 
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TAE Tris-acetate-EDTA 
TBS tris-buffered saline  
TG-SDS Tris-glycine sodium dodecyl sulfate 
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Material and methods 
1. Chemicals and reagents 
Tris Buffered Saline (TBS) buffer, Phosphate Buffered Saline (PBS) buffer, Tris-
Acetate-EDTA (TAE) buffer, Tris Glycine-Sodium Dodecyl Sulfate (TG-SDS) 
buffer, glycerol, Luria-Bertani (LB) broth and agar, agarose and other reagents were 
purchased from 1st Base (Singapore). Bovine serum albumin (BSA) was purchased 
from Sigma-Aldrich. X-Gal was from Fermentas. Protease inhibitor cocktail tablets 
were from Roche. Drugs used in this study are monastrol (100 mM; Santa Cruz 
Biotechnology), ZM447439 (BIOMOL international), MG132 (20 mM, Selleck 
Biochemicals), BI2536 (Selleck Biochemicals). All primers used in this work were 
synthesized by either 1st Base (Singapore) or AITbiotech (Singapore).  
 
2. Cell biology methodology 
2.1 Cell culture 
 HeLa (ATCC CCL-2) is a human cervix adenocarcinoma epithelial cell line. HeLa 
cells including those stably expressing GFP-Histone H2B are cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% FBS (Thermo 
Scientific), penicillin/streptomycin (Gibco, Invitrogen) and sodium pyruvate (Sigma-
Aldrich). MVA cells (gifts from Nazneen Rahman and Sandra Hanks) were cultured 
in DMEM with 10% FBS and penicillin/streptomycin. Cells were cultured in T75 
tissue culture flasks at 37°C, 5% CO2, and passaged before confluence with trypsin-
EDTA (Gibco, Invitrogen). 
 
2.2 Transient DNA transfection in mammalian cell lines 
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B56β and B56δ open reading frame were PCR cloned into pEGFP-C1 and pCS2-
mCherry respectively. pLAP-BUBR1 plasmids were gifts from Geert J.P.L. Kops 
and described previously (Suijkerbuijk et al., 2010). In general, for 12-well plate, 
500 ng of total plasmid DNA was used for transfection. Lipofectamine 2000 
transfection reagent (Invitrogen) was used for transient DNA transfection. DNA was 
added into Opti-MEM® reduced serum medium (Gibco, Invitrogen) in one tube. 
Appropriate amount of lipofectamine 2000 (DNA to Lipofectamine 2000 ratio is 1µg 
to 2 µl) was added into another tube containing Opti-MEM® reduced serum medium 
and incubated at room temperature for 5 min. The two tubes were then mixed 
together and the DNA/Lipofectamine mixture was further incubated at room 
temperature for 20 min. The mixture was then added onto the cells cultured with 
Opti-MEM® medium containing 5% FBS for 4-5 hr, before replaced with normal 
DMEM supplemented with 10% FBS and antibiotics. 
 
2.3 siRNA transfection in mammalian cell lines 
Two independent pools of siRNA targeting B56 family are following; for pool 1, 
B56α (5’-CAATACAAGTGCCGAATAA-3’), B56β (5’-
TCAAGTCGCTGTCTGTCTT-3’), B56γ (5’-CAGAAGTAGTCCATATGTT-3’), 
B56δ (5’-CAGGAGATTATTCTCACCAAA-3’), B56ε (5’-
TTAATGAACTGGTGGACTA-3’); for pool 2, B56α (5’-
GCTCAAAGATGCCACTTCA-3’), B56β (5’-CGCATGATCTCAGTGAATA-3’), 
B56γ (5’-GGATTTGCCTTACCACTAA-3’), B56δ (5’-
GAAGTTGTTTATGGAAATGAA-3’), B56ε (5’-GCACAGCTGGCATATTGTA-
3’). Other siRNAs used in this study are following; BUBR1-CDS (5’-
ACGAGAATACCTAATATGTGA-3’, (Elowe et al., 2007)), BUBR1-3’UTR (5’-
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GTCTCACAGATTGCTGCCT-3’, (Choi et al., 2009)), Aurora B (Qiagen, 
SI02622032), HSET (5’-TCAGAAGCAGCCCTGTCAA-3’, (Cai et al., 2009a)), and 
NUF2 (5′-AAGCATGCCGTGAAACGTATA-3′, (DeLuca et al., 2002)), 
cytoplasmic dynein heavy chain (5’-GATCAAACATGACGGAATT-3’, (Lehmann 
et al., 2009)) The non-targeting control siRNA was purchased from Dharmacon. For 
siRNA transfection, briefly, 2 µM of siRNA was diluted in Opti-MEM® medium 
and incubated at room temperature for 5 min. At the same time, appropriate amount 
of Dharmafect transfection reagent 1 was dilute in Opti-MEM® medium in a 
separate tube. The solution from the two tubes was mixed together 5 min later and 
incubated at room temperature for another 20 min before adding to the cells. 
 
3. Protein methodology 
3.1. Preparation of extracts from mammalian cells 
Cultured cells were rinsed once with cold PBS before lysis in cold HEPES lysis 
buffer [50 mM HEPES (pH 7.5), 150 mM NaCl, 0.5% NP-40] containing 1 mM 
DTT, complete Mini (Roche) and phosphatase inhibitor cocktails (Sigma), Cells 
were collected by scraping with a cell scraper. Whole cell lysates were then clarified 
by centrifugation at 11,000 g for 10 min at 4 °C and the supernatant was collected 
and used for analysis. Alternatively, cells were lysed directly in 4% SDS, followed 




For immunoprecipitation, nocodazole (200 ng/ml) arrested mitotic HeLa cells were 
lysed in HEPES lysis buffer containing 1 mM DTT, complete Mini (Roche) and 
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phosphatase inhibitor cocktails (Sigma), and subjected to immunoprecipitation with 
antibodies at 4 °C overnight. Protein A/G puls agarose beads (Santa Cruz) were 
added the next day for 2 hours. The beads were washed with 0.1% NP-40 cell lysis 
buffer and subjected to immunoblot SDS-PAGE analysis.  
 
3.3 Antibodies and immunoprecipitation reagents 
Following primary antibodies are used; B56δ (Forester et al., 2007), Aurora B 
(13E8A7, Santa Cruz), HA (Y-11, Santa Cruz), Myc(9E10, Santa Cruz), HSET (M-
63, Santa Cruz), β-tubulin (Abcam), Mouse monoclonal anti-GFP antibody was from 
Roche. Protein A/G plus agarose were purchased from Santa Cruz Biotechnology. 
 
3.4 Analysis of protein extracts 
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was used 
to analyze protein expression with a Mini-PROTEAN® Tetra cell (Bio-Rad). 
The polyacrylamide gels were 1.5 mm in thickness. Protein samples were denatured 
by mixing with sample buffer [250 mM Tris-HCl, pH 6.8, 8% (w/v) SDS, 20% β-
mercaptoethanol, 40% glycerol and 0.2% (w/v) bromophenol blue] and boiling at 
95 °C for 5 min. Protein samples were then run on 10% SDS-PAGE gels in Tris 
glycine-sodium dodecyl sulfate (TG-SDS) electrophoresis running buffer (1st Base). 
The separated proteins were subsequently visualized by immunoblotting, and their 
sizes were estimated using molecular size marker Precision Plus Protein All Blue™ 
Standards (Bio-Rad). 
 
3.5 Western transfer and immunoblot 
After separation in SDS-PAGE, the proteins were electrophoretically transferred 
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onto Immobilon FL membranes (Millipore) that were pre-activated with methanol. 
Wet transfer was carried out in transfer buffer containing 25 mM Tris, 192 mM 
glycine, and 20% methanol for 1 hr at 4 °C using the mini Trans-Blot® cell 
apparatus (Bio-Rad). Subsequently, the membranes were incubated in blocking 
buffer [TBS containing 5% (w/v) non-fat milk (Bio-Rad) and 0.5% (v/v) 
polyoxyethylenesorbitan monolaurate (TWEEN® 20, Sigma-Aldrich)] for 40 min at 
room temperature. The membranes were then incubated at cold room with primary 
antibody (diluted in TBS-TWEEN containing 5% BSA) for overnight. Unbound 
antibodies were removed by washing three times in wash buffer (TBS containing 
0.5% TWEEN®20). Membranes were then incubated with secondary antibodies 
conjugated to (1 in 10,000 dilution in TBS-TWEEN containing 5% (w/v) non-fat 
milk) for 30 min at room temperature and then washed in wash buffer 3 times. 
Membranes were scanned using LI-COR® Odyssey. 
 
4. DNA and RNA Methodology 
4.1. General DNA manipulations 
Analysis of DNA was carried out by agarose gel electrophoresis in TAE buffer. 
0.8-1.2% (w/v) agarose gels were cast in TAE buffer containing SYBR® Safe DNA 
gel stain (Invitrogen). The DNA samples were mixed with DNA loading buffer 
(Fermentas) and loaded onto the agarose gel along with 1 kilo base (kb) or 100 base 
pair (bp) DNA ladder (Fermentas). The detection of the DNA bands was carried out 
using Bio-Rad Gel Doc UV trans-illuminator. Restriction enzyme digests were 
performed using the appropriate buffers specified by the manufacturers (New 
England Biolabs). For checking plasmid size and integrity, 500 ng of DNA was 
digested with 0.5 µl of restriction enzymes at 37 oC for 2 hr in a total volume of 20 µl 
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reaction. For digesting purified PCR products for cloning, 20 µl of DNA fragments 
was digested with 1 µl of each restriction enzyme at 37 oC overnight in a total 
volume of 50 µl reaction.  
 
Rapid ligation kit from Fermentas was used for DNA ligation according to 
manufacturer’s instructions. The molar ratio of cut vector to insert was used at 1 to 3 
or 1 to 10. 50 ng of cut vector was mixed with appropriate amount of PCR insert, 2 
µl of rapid ligation buffer, 1 µl of T4 DNA ligase in a total volume of 10 µl reaction. 
The mixture was incubated at room temperature for 30 min before transformation. 
 
4.2. Polymerase chain reactions (PCR) 
PCR were carried out in a thermal cycler (Bio-rad) using Platinum® Taq DNA 
polymerase High Fidelity (Invitrogen). The mixture comprised per 50 µl reaction: 
primers at 0.2 µM each, dNTP mix at 0.2 mM (Promega), 2 mM of magnesium 
sulphate (MgSO4), 1 unit of Platinum® Taq DNA polymerase High Fidelity (0.2 µl), 
100 ng of DNA template, 5 µl of High Fidelity PCR reaction buffer, and sterile 
distilled water to make up the volume. The PCR profile was: initial denaturation at 
94 °C for 2 min, followed by 30 cycles of denaturation at 94 °C for 30 sec, annealing 
at 55 °C for 30 sec and extension at 68 °C for 1 min per kb of PCR product, with a 
final extension at 68 °C for 10 min. 
 
4.3. Gel extraction and PCR clean up 
PCR product and DNA fragments from agarose gels were purified using the 
Macherey-Nagel (MN) NucleoSpin extract II kit according to the manufacturer's 
instructions. Briefly, 1 volume of PCR product was mixed with 2 volumes of buffer 
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NT1. For gel extraction, 100 mg of agarose with DNA was dissolved in 200 µl of the 
same buffer. The mixture was then loaded onto the column and spin at 11,000 g for 1 
min. The column was further washed once with 600 µl of buffer NT3 and the silica 
was dried by spin at 11,000 g for 2 min. The DNA was eluted with 30 µl of distilled 
water. 
 
4.4 DNA sequencing 
DNA sequencing was carried out by either 1st Base or AITbiotech. 
 
4.5 Preparation of plasmid DNA 
Small-scale plasmid preparations were performed by alkaline lysis, using a MN 
NucleoSpin mini-prep kit according to manufacturer’s instructions. Briefly, the 
bacterial cells were harvested by centrifugation (11,000 g for 2 min at 4 °C) and the 
cell pellet was resuspended in RNase A-containing resuspension buffer A1. Cells 
were then lysed with the alkaline lysis buffer A2 for 5 min, followed by the addition 
of acidic buffer A3 to neutralize the reaction. The high salt concentration caused 
bacterial proteins, chromosomal DNA and cellular debris to precipitate. The plasmid 
supernatant after centrifugation was loaded into a spin column, in which the silica 
membrane can bind to the plasmid DNA. The column was washed with 70% ethanol 
and the purified plasmid was eluted in 50 µl of distilled water. 
 
Large-scale endotoxin-free plasmid DNA for transfection was prepared using the 
MN NucleoBond Xtra Midi EF kit according to manufacturer’s instructions. The 
principle is similar to the small-scale mini prep. After eluting in the elution buffer, 
the plasmid DNA was precipitated by the addition of 0.7 volume of endotoxin-free 
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isopropanol (Sigma-Aldrich) and loaded onto the MN NucleoBond finalizer for 
concentrating and desalting. After washing with 70% ethanol, the finalizer was 
airdried by passing through the air 5 times with a syringe. The plasmid DNA was 
eluted in the endotoxin-free TE buffer. 
 
4.6 Total RNA isolation 
Total RNA extraction from cells was performed using Qiagen RNeasy kits according 
to manufacturer’s instructions. Briefly, the cells were lysed directly in buffer RLT 
and then homogenized using the QIAshredder (Qiagen). One volume of 70% ethanol 
was added to the homogenized lysates and then the mixture was loaded to the 
RNeasy mini column. The column was washed with buffer RW1 and twice with 
ethanol containing buffer RPE. The column was then dried by centrifugation at top 
speed and RNA was eluted with nuclease-free water provided by the kit. The 
concentration of the RNA was determined by NanoDrop 2000 spectrometry (Thermo 
Scientific). 
 
4.7 Reverse transcription of total RNA 
Reverse transcription was performed using iScript™ cDNA synthesis kit (Bio- 
Rad) according to the manufacturer’s instructions. Briefly, 1 µg of extracted total 
RNA, 4 µl of reaction mix pre-blended with oligo(dT) and random hexamer primers, 
and 1 µl of iScript reverse transcriptase were mixed together and topped up to a final 
volume of 20 µl with nuclease-free water. The reaction was carried out at with an 
initial 5 min incubation at 25 °C, followed by incubation at 42 °C for 30 min. 
Finally, a de-activation step was performed at 85 °C for 5 min and the cDNA was 
stored at -20 °C. 
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4.8 Quantitative real-time PCR 
Quantitative real-time PCR was performed using SsoFast™ EvaGreen® 
supermix (Bio-Rad) according to the manufacturer’s instructions. Briefly, 2 µl of 
synthesized cDNA, 10 µl of SsoFast EvaGreen supermix, and 0.5 µM of forwardand 
reverse primers were mixed together and topped up to a final volume of 20 µl with 
nuclease-free water. Each reaction was carried out in duplicate. Thermal cycling was 
performed on the Bio-Rad iCycler iQ5 PCR thermal cycler as follows: initial step 
with 30 sec at 95 °C to activate the enzyme, followed by 40 cycles of 5 sec at 95 °C 
and 10 sec at 55 °C. After each amplification step, the machine was programmed to 
generate a melting curve, in which the temperature was raised from 65 °C to 95 °C. 
Results were analyzed using iQ5 optical system software (Bio-Rad). 
 
4.9 QuikChangeTM Site-directed mutagenesis 
PCR primers (Refer to Appendix for a list of PCR primer sequences) were designed 
according to the manufacturer’s instructions (QuikChangeTM site-directed 
mutagenesis kit, Stratagene). Briefly, 25-50 ng of plasmid DNA template was used 
for PCR with 5 µl of reaction buffer, 0.3 µM of each primer, 1 µl of dNTP mix and 1 
µl of the proofreading PfuTurbo DNA polymerase (2.5 U/µl) (Stratagene). 
Distilled water was added to make a final volume of 50 µl. The PCR profile was: 
initial denaturation at 95 °C for 30 sec, followed by 18 cycles of denaturation at 95 
°C for 30 sec, annealing at 55 °C for 1 min and extension at 68 °C for 1 min per kb 
of plasmid length. After PCR, 1 µl of Dpn I restriction enzyme (10 U/µl) was added 
directly to the mixture and the tubes were immediately incubated at 37 °C for 1 hr to 
digest the non-mutated parental plasmids. 2 µl of Dpn I–treated sample was used for 
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transformation into XL1-Blue supercompetent cells by heat shock at 42 °C for 45 
sec. The nicks on the mutated plasmid were repaired by the XL1-Blue cells after the 
transformation. 
 
5. Immunofluorescence and time-lapse live-cell imaging 
HeLa cells grown on cover glass-bottom chamber slides (Lab Tek) were fixed with 
4% PFA. For cold stable microtubule assay, cells were placed on ice for 10 min 
before fixation. The fixed cells were permeabilized with 0.5% Triton X-100, and 
exposed to PBS containing 4% BSA for 1 hour. The following primary antibodies 
were diluted in PBS containing 1% BSA and 0.1% triton X-100; CREST (Cortex 
Biochem; 1:500), B56α (BD Biosciences; 1:1000), BUBR1 (612503, BD 
Biosciences; 1:100), and α-tubulin (AA13, Sigma; 1:2000). Isotype-specific 
secondary antibodies (1:2000 dilution) coupled to Alexa Fluor 488, 594, or Cy5 
(Molecular Probes) were used. Cells were counterstained with DAPI (Thermo 
Scientific). Images were acquired at RT with 3D-SIM using a Super Resolution 
Microscope (Nikon) equipped with an iXon EM+ 885 EMCCD camera (Andor) 
mounted on a Nikon Eclipse Ti-E inverted microscope with a CFI Apo TIRF 
(100x/1.40 oil) objective and processed with the NIS-Elements AR software. Images 
in Figure S2 were taken by LSM 710 Carl Zeiss confocal microscope. For time-lapse 
live-cell analysis, a Stage Top Incubation with Digital CO2 mixer (Tokai) was used. 
Cells stably expressing H2B-GFP were tracked for 15 h with 10 min intervals. 
 
6. Yeast two hybrid 
Yeast two hybrid was conducted according to the published protocol (McCright and 
Virshup, 1998). B56δ cDNA was cloned into pBTM116 vector as bait and HeLa 
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cDNA library in pGAD vector was used as prey for screening. Interaction was 
evaluated by colony growth on plate dropout of Trp, Leu, and His, as well as X-gal 
assay for validation. 
 
7. Statistical Methods.  
Unless otherwise specified, all other p-values used in comparisons of two groups 




1. Mitosis in Brief 
The existing cell needs to go through cell cycle to give rise to an exactly same new 
daughter cell. To maintain the fidelity of genetic material, its duplication and 
segregation process have to be under careful surveillance. Accurate distribution of 
replicated genome is critical for the survival at cellular and organismal levels. 
Defects in this process often induce cell death, tumorigenesis, and other diseases. In 
cell cycle, mitosis is the key step tightly regulated for duplicated genomic 
information distribution. Cells establish bipolar spindle built from microtubules 
(polymers of α/β tubulin dimers) for efficient genetic materials segregation. The 
microtubule has an important property named “dynamic instability” that tubulin 
heterodimers are incorporated or released from the microtubule filament for its 
growing or shrinking. Polarity has been established within the microtubule. The 
faster growing one is called plus end with only β tubulin exposed, and the slower 
growing or shrinking end is named minus-end with only α tubulin exposed. 
Microtubules associate with the chromosome with the plus end, and minus-ends 
accumulate near spindle pole. The dynamic instability characteristic of the 
microtubule provides the driving force and position clue for the chromosome 
movement and segregation.  
 
There are five essential steps in mitosis (prophase, prometaphase, metaphase, 
anaphase, and telophase).And it is followed by cytokinesis.  
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Figure I. Representative immunofluorescence images of HeLa cells in different 
stages of mitosis 
Red color is CREST staining representing kinetochores, green color is tubulin 
staining, and blue color is DAPI staining from chromosomes. 
 
To facilitate genomic information transportation during segregation, DNA is 
condensed and packed into chromosomes at prophase. In vertebrates, spindle 
microtubules interact with chromosomes through a specialized structure named 
kinetochore, which is located at the primary constriction of the chromosome. Bipolar 
spindle starts to form from prometaphase stage when nuclear envelope breaks down 
with chromosomes exposed. Spindle microtubules attachment to the kinetochore is 
the central event governing chromosomes movement to the equator of the cell - the 
metaphase plate. The process for the chromosomes to align and compact in the 
metaphase plate is called congression. Interaction of the kinetochore and 
microtubules at the beginning of congression process can be both lateral and end-on 
attachment. After all the sister kinetochores are attached by spindle microtubules 
emanating from opposite spindle poles with inter kinetochore tension generated, 
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chromosomes segregation starts. Cells utilize Spindle Assembly Checkpoint (SAC) 
discussed in the following chapters to generate a “wait” signal for delaying 
chromosome segregation, even if a single kinetochore is inappropriate attached. 
After SAC is satisfied, kinetochore attached spindle microtubules drive the 
segregation of sister chromatids to opposite poles in anaphase. Microtubules start to 
form parallel or anti parallel bundles named midzone microtubules in between 
chromosomes after separation. A cleavage furrow starts to form at the midzone area 
and chromatids decondense in telophase stage. Finally, the cleavage furrow ingresses 
during cytokinesis stage until the mother cell is pinched into two daughter cells with 
the exact same genomic information. These mitotic steps proceed in a tightly 
regulated sequence to ensure the correct segregation of chromosomes and maintain 
genomic stability. Any defect happens in this process may lead to erroneous 
separation of chromosomes resulting in chromosome instability and diseases, cancer 
for example.  
 
Within this mitotic progression, binding of the kinetochore to microtubules plays a 
key role. Through microtubule kinetochore interaction chromosomes can congress to 
the metaphase plate for alignment. Additionally, after the microtubules end-on 
attachment to the kinetochore (K-fibers) is established from opposite spindle poles, 
kinetochores are pulled and segregated into two opposite poles. SAC is the quality 
control step for functional K-fiber formation before segregation. As mitosis is a 
process highly regulated by dynamic phosphorylation, protein kinases and 
phosphatases play important roles in all the steps during chromosome segregation.  
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2. Chromosome Congresssion 
As a common feature for metazoan cell division, it has been observed for over a 
century that chromosomes are aligned on the metaphase plate before anaphase 
segregation. This phenomenon suggests that even though metaphase stage is very 
short in mitosis, chromosome congression is beneficial for chromosome segregation. 
Possible advantages include a more efficient anaphase, reduced lagging 
chromosomes, better coordinated anaphase and cytokinesis (Kops et al., 2010).  
 
2.1 Kinetochore and Microtubule Kinetochore Attachment  
The essential attachment site on the chromosome for mitotic spindle microtubules is 
the kinetochore. The architecture of the kinetochore has been defined as a trilaminar 
morphology with electron opaque outer and inner plates separated by an electron 
translucent middle layer under electron microscope (Walczak et al., 2010). The outer 
kinetochore that is about 50-60 nm thick is responsible for spindle microtubule 
interaction. A dense array of fibers named fibrous corona has been discovered to 
extend away from outer kinetochores.  The inner kinetochore area is the chromatin 
that is located between two sister kinetochores (Cheeseman and Desai, 2008).  In 
budding yeast, kinetochores are bound with a single microtubule. However, in 
humans, each kinetochore can associate with 15-20 microtubules (Cheeseman and 
Desai, 2008). At molecular level, more than 80 human kinetochore proteins have 
been identified, majority of which are well conserved across species. These proteins 
contribute to kinetochore specification, kinetochore assembly, microtubule 
attachment, microtubule dynamic control, kinetochore mobility, and Spindle 
Assembly Checkpoint (SAC) regulation (Cheeseman and Desai, 2008). A network of 
human proteins named CCAN (constitutive centromere associated network) has been 
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identified to be constantly present at centromeres throughout cell cycle. Moreover, 
the centromere localization of all these proteins is histone H3 variant protein CENP-
A dependent (Cheeseman and Desai, 2008). In multiple functions executed by 
kinetochores, this CCAN plays essential roles including kinetochore microtubule 
attachment.  
 
Kinetochores have very high chance to attach to the side of the microtubule lattice. 
Meanwhile, the kinetochore can be end-on attached to the microtubule plus end tips, 
which is more critical for chromosome segregation. However, there are different 
geometries when a pair of sister kinetochores establish interaction with spindle 
microtubules tips. When the sister kinetochores are attached by microtubules 
emanating from opposite spindle poles it is named amphitelic attachment, which is in 
a bi-oriented manner important for subsequent equal distribution of chromosomes. 
This amphitelic attachment usually happens with the help of intermediate steps. 
Majority of the chromosomes are end-on attached on the kinetochores by 
microtubules from only one spindle pole first in a monotelic manner, and then 
amphitelic attachment follows. Many errors can happen in these intermediate stages 
before the amphitelic attachment. These errors may lead to chromosome segregation 
defects. Syntelic attachment occurs when both sister kinetochores are attached to the 
microtubules emanating from the same spindle pole. Additionally, when a single 




2.2 Kinetochore microtubule initial interaction and movement 
After nuclear envelope breakdown (NEB), chromosomes are scattered into the 
cytoplasm for microtubule interaction. However, questions of how the initial contact 
happens and where the microtubules arise from have remained elusive for a long 
time. A classic model named “search and capture” model has been proposed to 
answer these questions. In this model microtubules nucleated at the centrosomes 
dynamically search for the kinetochores after NEB (Kirschner and Mitchison, 1986). 
In vitro studies supported this model by showing that isolated kinetochores can be 
captured by microtubules from the centrosome, the capture also protects the 
microtubule tip from depolymerization (Mitchison and Kirschner, 1985; Nicklas and 
Kubai, 1985). Time lapse movies in vivo confirmed that after NEB chromosomes 
were attached by microtubules derived from the proximal spindle pole in a mono-
oriented manner first and moved to that nearest pole to achieve bipolar attachment 
(Rieder and Alexander, 1990; Merdes and De Mey, 1990; Hayden et al., 1990). This 
initial contact is most likely that kinetochore lateral attaches to the centrosome 
derived microtubules. This speculation was confirmed by immunofluorescence and 
electron microscopy study in newt cells, PtK2 and human RPE1 cells (Rieder and 
Alexander, 1990; Merdes and De Mey, 1990; Magidson et al., 2011).  
 
During this initial interaction process, a poleward movement of the mono-oriented 
kinetochore on the microtubule lattice has been observed (Rieder and Alexander, 
1990; Merdes and De Mey, 1990). In vitro reconstitution has shown that isolated 
chromosomes could move along polymerized microtubules, to the direction 
dependent on phosphorylation of motor proteins (Hyman and Mitchison, 1991). 
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Based on the velocity similarity between kinetochore poleward movement and 
minus-end directed motor protein dynein in vitro mobility, it was proposed that 
kinetochore localized dynein drove this chromosome gliding on microtubule lattice 
(Rieder and Alexander, 1990). Data from dynein antibody injection and dynein 
kinetochore recruiter ZW10 depletion supported this hypothesis. Inhibition of dynein 
activity prevented kinetochore rapid poleward movement in human cells (Yang et al., 
2007; Li et al., 2007b). Additionally, dynein at the kinetochore also regulates 
chromosome congression. In human cells, depletion of dynein kinetochore recruiter 
ZW10 showed chromosome misalignment (Yang et al., 2007; Li et al., 2007b), 
which is in contrast to data from drosophila  (Savoian et al., 2000). Similar results of 
misaligned chromosomes were obtained in human cells from depletion of another 
dynein kinetochore recruiter named Spindly (Griffis et al., 2007; Chan et al., 2009).  
 
Even though dynein is the most studied minus-end directed motor protein, kinesin-14 
family has also been demonstrated to regulate kinetochore poleward transportation 
during prometaphase. Budding yeast kinesin-14 - Kar3 (human homologue is HSET) 
localizes to the kinetochore. Through kinetochore association, it drives chromosome 
gliding to the spindle poles (Tanaka et al., 2005). In fission yeast, however, kinesin-
14 facilitates chromosome retrieval to the pole majorly by promoting microtubule 
depolymerization (Grishchuk and McIntosh, 2006).  
 
Additionally, as the search and capture model has been established for decades, 
many new discoveries have been reported to modify this model. Examples are 
kinetochore microtubule nucleation (more in flies and plants) (Khodjakov et al., 
2003; Maiato, 2004), chromosome ring formation in early prometaphase (Magidson 
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et al., 2011), and pivoting microtubules around the spindle pole(Kalinina et al., 
2013).  
 
2.3 Kinetochore mono-oriented to bi-oriented attachment transition 
After or during the poleward transportation of mono-oriented chromosomes, lateral 
attachment between the kinetochore and microtubules is converted to end-on 
attachment with mechanism still obscure. Data from budding yeast shed light on this 
question. Yeast Dam1/DASH complex is a complex tracking at the end of 
depolymerizing microtubules (Westermann et al., 2006). Interestingly, Dam1/DASH 
complex could convert kinetochore lateral attachment to end-on attachment when 
microtubule depolymerization rate catches up the rate of chromosome poleward 
movement driven by Kar3 (Tanaka et al., 2005). As Dam1/DASH complex only has 
fungal orthologs, in metazoans KMN network on the kinetochore discussed in the 
following chapter may contribute to the end-on attachment conversion. In Xenopus 
cells, inhibition of KMN network component Ndc80 complex resulted in only lateral 
attached chromosomes with rapid poleward movement driven by dynein. This result 
indicates that Ndc80 complex is important for establishing end-on attachment 
(Vorozhko et al., 2008). Similar to Dam1/DASH complex, Ndc80 complex can track 
on the depolymerizing microtubule in vitro (Powers et al., 2009). In accordance with 
this, Ndc80 and dynein in C. elegans have been proposed to coordinately regulate 
laterally to end-on attachment transition (Gassmann et al., 2008). In their model, 
RZZ complex (include Rod/Zwilch/ZW10) that is required for dynein kinetochore 
recruitment inhibits KMN network microtubule binding. This allows poleward 
transportation of the chromosome and prevents kinetochore bi-orientation defects 
When RZZ meets plus end tip of depolymerizing microtubule, its inhibitory effects 
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on KMN network is turned off then KMN network establishes stable end-on 
attachment (Gassmann et al., 2008). Other proteins like Ska1/RAMA complex and 
Bub1 kinase have also been reported to be involved in lateral to end-on attachment 
conversion (Kops et al., 2010). 
 
2.4 KMN network 
The essential kinetochore microtubule end-on attachment site consists of a highly 
conserved protein complex named KNL1-Mis12 complex-Ndc80 complex (KMN) 
network, which directly bridges the kinetochore to the plus ends of microtubules 
(Varma and Salmon, 2012). Within the KMN network KNL1 and Ndc80 complex 
are responsible for the direct microtubule binding, which is synergistically enhanced 
by Mis12 complex(Cheeseman et al., 2006). Aurora B kinase, which corrects 
improper kinetochore microtubule attachment in vivo, phosphorylates spatially 
distinct components in KMN network to regulate and fine tune kinetochore 
microtubule interaction (Welburn et al., 2010).  
 
Figure II. Schematic model of human KMN network  
KNL1 and Ndc80 complex consisting of Spc24, Spc25, NUF2 and Hec1 Mis12 
complex directly link microtubules and the kinetochore. Mis12 complex is 
comprised of NNF1, Mis12, DSN1 and NSL1. Mis12 is localized on the kinetochore. 




KNL1 has been shown to directly bind microtubules through its extreme N terminus 
(Cheeseman et al., 2006; Espeut et al., 2012). As expected, chromosome 
missgregation caused by defective kinetochore microtubule attachment is highly 
increased in KNL1 depleted cells (Cheeseman et al., 2008; Kiyomitsu et al., 2007).  
 
KNL1 plays essential roles in recruiting several outer kinetochore proteins, which 
are potentially required for proper kinetochore microtubule attachment and 
chromosome segregation. In C. elegans KNL1 depletion causes a “kinetochore-null” 
phenotype. In this phenotype, Ndc80 complex components Ndc80/Hec1 and NUF2 
dislocate from the outer kinetochores and defective kinetochore microtubule 
attachment induces chromosome missegregation. Meanwhile, in Ndc80/Hec1 or 
NUF2 depleted cells, KNL1 level on the kinetochores was reduced indicative of the 
mutual regulation (Desai et al., 2003). However, KNL1 mutations disrupting 
microtubule binding do not significantly affect the kinetochore microtubule 
attachment and chromosome segregation. It indicates that KNL1 microtubule 
binding is dispensable for kinetochore microtubule attachment in C. elegans (Espeut 
et al., 2012).  
 
Differently, in human cells KNL1 coordinates with CENP-K (a component of 
CCAN) to recruit Ndc80 complex onto the kinetochores. This explains why after 
human KNL1 depletion Ndc80/Hec1 still stays on the kinetochores although Mis12 
complex disappears. Meanwhile, KNL1 requires Mis12 complex for its kinetochore 
localization (Cheeseman et al., 2008). KNL1 microtubule binding domain is 
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phosphorylated by Aurora B kinase and this phosphorylation disrupts microtubule 
affinity of KMN network (Welburn et al., 2010). Aurora B destabilizes incorrect 
kinetochore microtubule attachment, while PP1 dephosphorylates Aurora B 
substrates for attachment stabilization. In addition, PP1 recruitment onto 
kinetochores is mediated by KNL1 N terminus interaction negatively regulated by 
Aurora B. (Liu et al., 2010). 
 
KNL1 may also be involved in SAC regulations in multiple ways. KNL1 is required 
for the kinetochore localization of SAC proteins BUB1 and BUBR1. This is 
recruitment is through direct interaction between KI motifs in KNL1 and TPR 
domains in BUB1 and BUBR1 (Kiyomitsu et al., 2007). Similarly, Spc105 (KNL1 
homologue in yeast) is phosphorylated by Mps1 kinase, which is important for 
BUB1-BUB3 checkpoint complex kinetochore localization in yeast (Yamagishi et 
al., 2012). Additionally, using its N terminus, KNL1 binds both the microtubules and 
PP1, which contribute to SAC silencing in C. elegans (Espeut et al., 2012). 
Meanwhile, this paper proposed that through its microtubule binding motif, KNL1 
senses the kinetochore microtubule attachment, and then relays this signal to shut off 
SAC signal generation (Espeut et al., 2012).  
 
Collectively, KNL1 is critical for the recruitment of multiple outer kinetochore 
proteins that contributes to the establishment of proper kinetochore microtubule 





2.4.2 Mis12 complex 
Mis12 complex comprises four different components named NNF1, Mis12, DSN1 
and NSL1. NSL1 is responsible for the Mis12 complex interaction with both Ndc80 
complex and C terminus of KNL1 (Petrovic et al., 2010).  Mis12 complex through its 
interaction with CENP-C (a CCAN protein) links outer kinetochore to the inner 
centromeric DNA (Screpanti et al., 2011).  As a keystone for kinetochore assembly, 
Mis12 is required for kinetochore localization of both Ndc80 complex and KNL1 
(Cheeseman and Desai, 2008). In accordance with this, although Mis12 does not 
have microtubule binding activity, it synergistically enhances Ndc80 complex and 
KNL1 microtubule association (Cheeseman et al., 2006). Depletion of various Mis12 
components leads to defects in kinetochore microtubule attachment, chromosome 
congression and segregation. Interestingly, BUBR1 level were reduced by 42% on 
the kinetochores after depletion of DSN1 (Mis12 complex subunit) followed by 
microtubule deploymerizing drug nocodazole treatment. This result suggests that 
Mis12 complex may also play a role in SAC regulation (Kline et al., 2006). 
Moreover, DSN1 is phosphorylated by Aurora B and then sensitizes the KMN 
network to the phosphorylation of other microtubule binding components 
(Ndc80/Hec1 or KNL1) by Aurora B. This leads to dramatically inactivation of 
KMN network microtubule interaction. Consistently, DSN1 phospho-specific 
antibody against Aurora B site pSer100 decorates misaligned kinetochores (Welburn 
et al., 2010). 
 
2.4.3 Ndc80 complex 
As a highly conserved heterotetramer, Ndc80 complex comprises Ndc80 (Hec1 in 
human), NUF2, Spc24 and Spc25. All of these components have a globular domain 
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and a coiled coil domain. Both KNL1 and Ndc80 complex can bind to microtubules 
in vitro. However, depletion of Ndc80 complex components causes more severe 
microtubule kinetochore attachment defects than KNL1, indicating that Ndc80 
complex is the primary contact bridging kinetochores and microtubules directly 
(Cheeseman et al., 2008). The molecular organization of Ndc80 complex shows that 
Spc24/Spc25 subcomplex end binds to centromere and the Hec1/NUF2 subcomplex 
end binds to microtubules. Meanwhile, these two subcomplexes are joined end to 
end through coiled coils (Hec1 with Spc25 and NUF2 with Spc24) for Ndc80 
complex formation (Wei et al., 2005).  
 
 
Figure III. Schematic model of human Ndc80 complex 
Each component is represented by an oval (globular domain) and a stick (the coiled 
coil domain). C terminus Hec1 interacts with Spc25 N terminus, and C terminus of 
NUF2 interacts with N terminus of Spc24. 
 
Functionally, all the Ndc80 complex subunits play important roles in the recruitment 
of outer kinetochore proteins and the regulation of chromosome congression and 
segregation. Depletion of either Hec1 or NUF2 in human cells results in loss of both 
proteins from the cell (DeLuca et al., 2003; Meraldi et al., 2004). In HeLa cells, 
Hec1 is required for Mps1, Mad1 and Mad2 kinetochore localization (Martin-
Lluesma et al., 2002). Plk1 but not BUBR1 localization on kinetochores is reduced 
after Hec1 depletion (Elowe et al., 2007). Consistent with Hec1 knockdown data, 
complete NUF2 depletion causes Mad1, Mad2 and Plk1 but not BUBR1 or BUB1 
disappearance from kinetochores (Meraldi et al., 2004; Elowe et al., 2007). 
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Meanwhile, in NUF2 depleted HeLa cells, microtubules failed to establish stable 
kinetochore attachment with chromosomes misaligned, which finally entered 
apoptosis (DeLuca et al., 2002). Spc24 and Spc25 are mutually dependent for the 
kinetochore localization, depletion of either one leads to both proteins reduction on 
the kinetochores and in the cytoplasm (McCleland et al., 2004). Moreover, either 
Spc24 or Spc25 depletion causes mitotic arrest in HeLa cells with chromosome 
misalignment and cell death. Additionally, outer kinetochore proteins Mad1 and 
Mad2 but not BUBR1 are eliminated or reduced from kinetochore after Spc24 or 
Spc25 depletion (McCleland et al., 2004). Loss of Spc25 leads to Hec1 but not 
BUB1 dislocation from the kinetochores (Bharadwaj et al., 2004). 
 
 It was confirmed by immunofluorescence, live cell imaging and electron 
microscopy studies that Hec1 and NUF2 are essential for kinetochore microtubule 
attachment (DeLuca et al., 2005). However, controversial results regarding how 
Spc24 and Spc25 regulate microtubule kinetochore interaction have been reported. 
Using cold treatment or calcium treatment to preferentially depolymerize non-K-
fibers, the importance of each protein in kinetochore microtubule attachment has 
been accessed. Under the condition of Spc25 depletion, kinetochore bound 
microtubules were not reduced after either cold treatment or calcium treatment in 
human cells (Bharadwaj et al., 2004). On the contrary, in Xenopus cells, Spc24 or 
Spc25 antibody injection resulted in elimination of stable kinetochore microtubules 
after calcium treatment (McCleland et al., 2004).  
 
Multiple studies at molecular level have shed light on how Hec1/NUF2 regulate 
microtubule kinetochore attachment. Using its calponin homology (CH) domain and 
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positively charged N terminal tail, Hec1 binds to the acidic C terminus of tubulin 
through electrostatic interaction (Ciferri et al., 2008). Globular domain of the Hec1 
has been shown to strongly bind to the interface of tubulin dimers, and weakly to the 
adjacent intradimer interface along the microtubule protofilament (Wilson-Kubalek 
et al., 2008). Using cryo-electron microscopy at subnanometre resolution, it is shown 
that Ndc80 complex binds the microtubule and meanwhile it self-associates to form 
clusters along protofilaments after microtubule binding. Both activities are through 
Hec1 N terminal interaction (Alushin et al., 2010).  
 
 
Figure IV. Schematic model of Hec1 CH domain with N termial tail and NUF2 
CH domain  
Aurora B phosphorylates Hec1 N terminal tail on multiple residues. These residues 
are indicated in red dots on the tail. Two phosphorylation zones are classified to be 
important either for Hec1 oligomerization (zone 2) or microtubule interaction (zone 
1). (Modified from (Alushin et al., 2012)) 
 
 The electrostatic interaction of Hec1 with microtubule is regulated by Aurora B 
phosphorylation by at Hec1 N terminal tail on residues Ser5, Ser8, Ser15, Ser44, 
Ser55, Ser62 and Ser69 identified by mass spectrometry (Ciferri et al., 2008). Aurora 
B has been known for correcting improper kinetochore microtubule interaction 
(Tanaka et al., 2002). Consistently, Aurora B phosphorylation of Hec1 N terminus 
leads to its microtubule binding reduction which may be an essential mechanism for 
eliminating incorrect microtubule kinetochore attachment (Cheeseman et al., 2006). 
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Cells expressing N terminal non-phosphorylatable mutant (Ser5, Ser15, Ser44, 
Thr49, Ser55 and Ser69 are mutated to alanine) of Hec1 which was dominant 
negative, had increased level of attachment defects with chromosome missegregation 
(DeLuca et al., 2006). Similarly, in chicken DT40 cells phosphomimetic mutant of 
chicken Ndc80/Hec1 (Ser5, Ser15, Ser16, Ser44) also resulted in chromosome 
alignment defects (Welburn et al., 2010). Interestingly, the Hec1 9 putative Aurora B 
phosphorylation residue alanine mutant (7 previous mentioned sites and Ser4 and 
Thr49 to make 9A) could not rescue chromosome misalignment after endogenous 
Hec1 depletion. However, cells still entered anaphase with lagging chromosomes 
with slight delay (Sundin et al., 2011). Other than microtubule interaction, Aurora B 
phosphorylation on Hec1 also negatively regulates Hec1 oligomerization (Alushin et 
al., 2010). Hec1 N terminal tail has been classified into two zones based on the 
interface. Zone 1 is responsible for microtubule binding and the other one zone 2 can 
interact with adjacent Hec1 (Figure IV). Additionally, both interactions are disrupted 
by Aurora B phosphorylation. Consistently, phosphomimetic mutant of Hec1 at all 
the 7 residues identified in mass spectrometry (Ciferri et al., 2008) could not rescue 
misalignment induced by endogenous Hec1 depletion. However, zone 1 
phosphomimetic mutant (microtubule interaction) caused more severe misalignment 
compared to zone 2 phosphomimetic mutant (oligomerization), indicating that both 
are important for Ndc80 complex function in vivo (Alushin et al., 2012).  
 
Hec1 in vivo phosphorylation during mitosis by Aurora B has been studied in human 
cells in detail. Supplemented with Hec1-9A phospho-resistant mutant after 
endogenous Hec1 depletion, cells showed defects in chromosome congression, inter-
kinetochore tension generation, kinetochores oscillation and also bipolar spindle 
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establishment. Moreover, within Hec1 residues at least the three residues (Ser8, 
Ser44 and Ser55) needs to be mutated to phoshomimetic version in order to induce 
chromosome misalignment after endogenous Hec1 depletion. This indicates that 
multiple sites are coordinately phosphorylated for Hec1 in vivo function. Using 
phospho-specific antibodies against Hec1 on Ser55, Ser44, Ser15 and Ser8 residues, 
it was observed that Hec1 was maximally phosphorylated in prophase, and minimum 
at metaphase on the aligned kinetochores. However, the signal was specifically 
enhanced on misaligned kinetochores. PP1 also localizes to the kinetochore and this 
localization is conversely correlates with phosphorylated Hec1 signal. Consistent 
with the kinetochore localization of PP1, PP1 inhibition enhanced pSer55 Hec1 
signal. This result suggests that PP1 dephosphorylates Hec1 on this site. Hec1 is 
dephosphorylated on aligned kinetochores. After nocodazole treatment, already 
dephosphorylated Hec1 cannot be rephosphorylated even with active Aurora B 
kinase. Phosphatase activity was proposed to maintain this dephosphorylated status. 
However, PP1 on the kinetochore was reduced after nocodazole treatment. In 
contrast nocodazole treatment has been shown to increase PP2A B56 subunit 
kinetochore localization (Foley et al., 2011). This strongly suggests that PP2A may 
maintain Hec1 dephosphorylation after proper kinetochore microtubule attachment 
with tension generation (DeLuca et al., 2011).  
 
But interestingly, although both Hec1 and NUF2 N termini have calponin homology 
(CH) domains for microtubule binding, they may regulate microtubule kinetochore 
attachment in different ways. CH domain of NUF2 is irregular, which only has 6% 
sequence identity with CH domain of Hec1 and negligible sequence similarity to 
other CH domains (Ciferri et al., 2008). Furthermore, when trying to fit crystal 
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structure of the Ndc80/NUF2 globular regions into the three-dimensional electron 
microscope density map, the results favor the model that Hec1 CH domain docks 
close to the microtubule surface and NUF2 CH domain away from the lattice 
(Wilson-Kubalek et al., 2008; Alushin et al., 2010). However, previous report 
showed that NUF2 N terminal charge reversal point mutation reduced Ndc80 
complex microtubule interaction (Ciferri et al., 2008). Consistently, a recent study 
with high resolution cryo-EM reconstruction demonstrated that NUF2 binds to E-
hook (tubulin acidic C terminus) through its positively charged patch on CH domain 
(Alushin et al., 2012). Using RNAi and mutant reconstitution assay, the distinct roles 
of Hec1 and NUF2 microtubule interacting N termini in microtubule kinetochore 
attachment have been analyzed in HeLa cells. After respective endogenous protein 
depletion, the most severe defects in kinetochore microtubule attachment and 
chromosome segregation were in cells supplemented with Hec1 CH domain charge 
reversal point mutant. The second most severe defects were observed in cells rescued 
with Hec1 N terminal tail Aurora B phosphorylation residue 9D mutant. Cells 
supplemented with NUF2 CH domain charge reversal mutants although established 
stable K-fibers, did not generate inter-kinetochore tension and failed to enter 
anaphase in a timely manner. Strikingly, attachment and mitosis exit defects caused 
by NUF2 CH domain mutations were rescued when reconstituting endogenous Hec1 
with phospho-resistant Hec1-9A mutant. However, multiple lagging chromosomes 
were observed, indicating that NUF2 CH domain is dispensable for end on 
microtubule kinetochore attachment and SAC silencing (Sundin et al., 2011). 
 
Although KMN network is essential for kinetochore microtubule attachment, it does 
not solely rely on KMN. After KMN network (Mis12 complex and Ndc80 complex) 
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disruption, microtubules may also weakly attach to the kinetochores. Mis12 complex 
and Ndc80 complex disruption are less severe than kinetochore components such as 
CENP-A or CENP-C depletion (Desai et al., 2003; Cheeseman et al., 2004; Ciferri et 
al., 2007; Cheeseman and Desai, 2008; Kline-Smith et al., 2005).  Potential 
additional linkers bringing microtubules and kinetochores together are Microtubule 
Associated Proteins (MAPs), kinetochore proteins, and motor proteins.  DAM1 
complex in budding yeast and SKA complex in vertebrates associating with Ndc80 
complex to facilitate the functional K-fiber formation in cells(DeLuca and 
Musacchio, 2012). Microtubule plus end tracking proteins such as CLIP170, EB1, 
motor proteins such as kinesin CENP-E, HSET and cytoplasmic dynein may also 
contribute to microtubule kinetochore attachment (Ciferri et al., 2007). It was 
proposed that Ndc80 complex functions more likely in stabilizing microtubule 
kinetochore attachment by maintaining the microtubule plus end structural integrity 
at the outer kinetochores (DeLuca et al., 2005; Kline-Smith et al., 2005). Further 
knowledge of how KMN network interact with other kinetochore proteins would 
provide clues about functional kinetochore microtubule attachment establishment 
and maintenance.  
 
2.5 Different routes for kinetochore congression 
There are many routes for the kinetochore to congress and align on the metaphase 
plate. In addition, the congression is independent of the sister kinetochores bi-
oriented attachment. Firstly, in rare case kinetochores may achieve bi-oriented 
attachment simultaneously and align at the metaphase plate. A model was proposed 
that sister kinetochores interacted outwards with microtubules emanating from 
opposite poles; the pair of sister kinetochores would be located at the metaphase 
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plate after the tension generated on them reached a balance (Östergren, 1951). 
Supporting evidences came from a study in grasshopper spermatocytes meiosis 
showing that the poleward force on the kinetochore depended on the number of 
kinetochore-attached microtubules and its distance from the pole. Moreover, the 
poleward tracking force along a kinetochore fiber is proportional to the length of the 
fiber (Hays and Salmon, 1990; Hays, 1982).  
 
Besides K-fiber generated force, “polar ejection force” has also been reported to play 
a role in chromosome congression. It was suggested by Darlington in 1937 that 
repulsive forces generated by the spindle poles would push the chromosomes to the 
metaphase plate. The polar ejection force may come from spindle pole. It was 
demonstrated that chromosome arms created by laser microsurgery, always moved 
away from the spindle pole at a constant velocity (Rieder et al., 1986). The source of 
this repulsive force may come from the astral microtubules. This hypotheis is 
supported by the fact that treatment with the microtubule depolymerizing drugs 
nocodazole or colcemid prevented severed chromosome arm expulsion. Contrastly, 
microtubule stabilizing drug taxol induced chromosome peripheral localization of 
astral array of microtubules (Ault et al., 1991). Additionally, a group of motor 
proteins associated with chromosome arms may also participate in the polar ejection 
force generation. The plus end directed kinesin-10 family member KID can localize 
to chromosome arms and is essential for chromosome congression to the spindle 
equator in Xenopus cells (Antonio et al., 2000; Funabiki and Murray, 2000). 
Differently, in human cells KID antibody injection experiments demonstrated that 
majority of the bipolar-spindle cells had normal congression. However, KID 
inhibition in monopolar-spindle cells resulted in chromosome accumulation near the 
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spindle pole. This result suggests that KID may be particularly important in 
generating ejection force in cells with monopolar spindle (Levesque and Compton, 
2001; Santamaria et al., 2008). Other than antibody injection, RNAi mediated KID 
or KID mitotic spindle recruiter CHICA depletion causes chromosome congression 
defects, suggesting KID may facilitate chromosome congression in human cells 
(Santamaria et al., 2008).  Another chromosome arm associated plus end directed 
kinesin-kinesin 4 family (KIF4) is also involved in chromosome congression in both 
Xenopus and human cells (Vernos et al., 1995; Mazumdar et al., 2011). However, it 
is still obscure whether KIF4 depletion induced congression defect is due to its 
activity in the microtubule dynamic regulation, chromosome condensation, or motor 
activity (Bringmann et al., 2004; Mazumdar et al., 2004).  
 
Furthermore, motor proteins can directly drive kinetochore congression independent 
of K-fiber pulling force, which is an essential alternative pathway. Plus-end directed 
kinesin CENP-E can drive mono-oriented kinetochore congression by gliding on the 
microtubule. Using time lapse and electron microscopy studies, it was demonstrated 
that the mono-oriented kinetochore congresses via lateral interaction with the 
adjacent K-fiber bound to a leading kinetochore in a CENP-E dependent manner 
(Kapoor et al., 2006). This is consistent with CENP-E depletion phenotype that has 
congression defective chromosomes around spindle pole area (Kim et al., 2010). As 
CENP-E is the only identified kinetochore associated kinesin and knockdown of 
which only causes small number of misaligned chromosomes, it was proposed that 
motor driven congression might not play dominant roles (Cai and Walczak, 2009). 
Strikingly, a subsequent study revealed that even without K-fibers as the track, 
kinetochores could still congress to the metaphase plate after depletion of minus-end 
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directed kinesin HSET. Chromosome congression under this condition was also 
through kinetochore gliding on microtubules in a CENP-E dependent manner (Cai et 
al., 2009a). These results indicate that motor driven congression is especially 
prominent with compromised kinetochore microtubules (Cai and Walczak, 2009).  
 
Putting together, these results suggest that chromosome congression is a cooperative 
effort between kinetochore, microtubule and motor proteins from different pathways. 
 
2.6 Minus-end Directed Kinesin HSET 
Kinesin super family is one of the three major motor proteins involved in directional 
intracellular transportation (the other two proteins are dynein and myosin). Using 
energy from ATP hydrolysis to drive their conformational changes, kinesins travel 
on the microtubule tracks for various cargo-transportation. These cargos include 
membranous organelles, protein complexes and mRNAs. Given the important roles 
of kinesins in intracellular trafficking, they are involved many diseases such as 
neurodegenerative diseases, developmental defects, virus infection and 
turmorigenesis (Mandelkow and Mandelkow, 2002). Kinesins are categorized into 
15 families from kinesin 1 to kinesin-14B based on phylogenetic analyses. There are 
three types of kinesins within these 15 families depending on the position of the 
motor domain. N type kinesins driving microtubule plus end directed motility have 
the motor domain located in the amino-terminus. M type kinesins depolymerizing 
microtubules have the motor domain in the middle. In contrast, motor domain of C 
kinesin (kinesin-14 family) that drives microtubule minus-end directed transportation 
is located in the carboxy-terminus (Hirokawa et al., 2009).  
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The localization of kinesin-14 family is tightly regulated during cell cycle. In 
interphase Drosophila S2 cells, Ncd (Drosophila kinesin-14 family homologue, the 
most studied one) is restricted to the nucleus and the centrosome before NEB. It 
localizes to mitotic spindle and cytoplasm in mitosis(Goshima and Vale, 2005). This 
cell cycle specific localization is also conserved in mammalian CHO cells 
(Matuliene et al., 1999). In early metaphase as demonstrated by photobleaching and 
recovery assay, Ncd signal is moving to the metaphase plate with velocity similar to 
microtubule growth or transport rate. This finding indicates that microtubule tightly 
bound Ncd can be transported to the equator microtubule plus end for force 
balancing in subsequent mitotic progression (Hallen et al., 2008). Consistently, GFP 
tagged Ncd was enriched at the growing spindle microtubule tips through plus end 
tip tracking protein EB1 interaction (Goshima and Vale, 2005). 
 
Structurally, the same as conventional kinesins, kinesin-14 family has three distinct 
domains. An N terminal tail domain is responsible for cargo binding. A coiled coil 
stalk domain at the center is involved in dimerization. Additionally, a conserved 
motor domain at C terminus containing catalytic pocket for the ATP hydrolysis and 
an ATP dependent microtubule binding site responsible for motor force generation 
(Miki et al., 2005; Sablin et al., 1998).  
 
 
Figure V. Schematic model of human kinesin-14 family member HSET 
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HSET is a minus-end directed C type kinesin, which has an N terminal tail, a 
coiled coil stalk domain and a C terminal motor domain. Using its stalk domain, 
HSET forms a homodimer. 
 
The evidence of kinesin-14 is a minus-end directed kinesin (the only one) comes 
from in vitro study of Ncd. It was also shown that it had slower motility than dynein 
and conventional kinesin (Walker et al., 1990; McDonald et al., 1990). Crystal 
structure of Ncd motor domain shows that it is highly similar to motor domains of 
other conventional plus end directed kinesins (Sablin et al., 1996). In fact it is not the 
difference in the motor domain that decides the direction of Ncd. It was shown that 
the motor core residue and the neck between the stalk and motor domain determined 
kinesin-14 minus-end directed motility. Because single amino acid mutation in these 
domains both causes Ncd reversed directional movement with wild type velocity 
(Endow and Higuchi, 2000; Sablin et al., 1998). Upon ATP binding, microtubule 
bound Ncd rotates about 70o towards the minus-end. This swing of a lever-arm with 
conformational change drives Ncd minus-end directed motility (Endres et al., 2006). 
Although one report showed that Ncd exhibited processive movement (the single 
molecule can move along microtubules without dissociation) on “bundled” 
microtubules (Furuta and Toyoshima, 2008), majority still believe that kinesin-14 
family performs non-processive movement on microtubules. This means that it has 
to work in a group at high concentration to transport cargos at relatively slow speed 
(deCastro et al., 1999; Fondecave et al., 2000). 
 
As a minus-end directed kinesin, kinesin-14 is speculated to transport cargos such as 
microtubule itself to the minus-end of microtubules. In fact Ncd can use its arginine 
rich basic region (a.a. F195-G221) to electrostatically interact with the negatively 
charged tubulin C terminal E hook (Furuta and Toyoshima, 2008). In accordance 
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with this, Ncd is shown to induce microtubule sliding on the adjacent microtubule in 
vivo, which is important for the mitotic spindle morphogenesis (Oladipo et al., 2007). 
In Xenopus extract, kinesin-14 contributes to spindle assembly and this ability is 
dependent on its sliding activity (Walczak et al., 1997; Cai et al., 2009b).  
 
Besides taking microtubules as the cargo, kinesin-14 can also transport chromosomes 
poleward either by directly attaching to kinetochores and moving along the surface 
of microtubules or pulling K-fibers to the spindle pole on other polar microtubules. 
The result from budding yeast supports this hypothesis. Budding yeast kinesin-14 
homologue Kar3 locates to the kinetochore through inner kinetochore protein Ndc10 
interaction. It is the only motor protein inhibted kinetochore poleward movement 
after being deleted or mutated and accelerated transportation after overexpression. 
These results indicate that Kar3 drives the kinetochore to the spindle pole by gliding 
on the microtubules (Tanaka et al., 2005). Other than mainly being transported by 
sliding, kinetochore can be transported through K-fiber plus end shrinking to the 
spindle pole with the help of Dam1 complex at the microtubule plus end. Kar3 
suppresses this end-on pulling and promotes sliding. End-on pulling is also perturbed 
in Kar3 mutant defective in motor function but intact with microtubule lateral 
binding. These results support the idea that Kar3 anchors kinetochores to the 
microtubule lateral surface hindering end-on pulling establishment (Tanaka et al., 
2007).  
 
Recently, kinesin-14 human homologue HSET has also been shown to bind and 
transport bare double-stranded DNA as the cargo. The transportations were along the 
microtubules in vitro and to the nucleus in HeLa cells in vivo (Farina et al., 2013). 
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Other cargos of kinesin-14 including endocytic vesicles in mouse liver cells (Nath et 
al., 2007) and vesicles which are required for acrosome formation in 
spermatogenesis (Yang and Sperry, 2003). 
 
 
Figure VI. Summary of functions of kinesin-14 family homologues 
1. Minus-end directed motor function to poleward transport chromosome 
through kinetochore protein interaction 
2. Poleward transportation of a kinetochore attached K-fiber 
3. Depolymerizing microtubules preferably at the minus-end  
4. Generating inward force to form a force balanced functional mitotic 
spindle 
5. Crosslinking and clustering microtubules 
Red arrows represent the direction of kinesin-14 family homologue movement, 
and the black arrows are the directions of cargo movement. 
 
Besides its minus-end directed motility, kinesin-14 can bind and crosslink 
microtubules for microtubule bundle formation. Similar to Kar3’s microtubule 
association domain in the N terminus(Meluh and Rose, 1990), study of Ncd showed 
that beyond the motor domain ATP dependent microtubule binding, there were two 
additional ATP independent microtubule interaction sites. These sites are located in 
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the N terminal tail domain (a.a. 83-100 and a.a. 115-187) (Karabay and Walker, 
1999; Fink et al., 2009; Hallen et al., 2008). Cryo-electron microscopy and helical 
3D image reconstruction of this Ncd a.a 83-187 fragment showed a tau protein (a 
known microtubule associated protein) like way interaction with microtubules 
(Wendt et al., 2003). As expect, Ncd can efficiently bundle microtubule independent 
of its motor function in the absence of ATP either by itself or through oligmerization 
(McDonald et al., 1990). Similarly, kinesin-14 from Xenopus (XCTK2), mammalian 
CHO cells (CHO2), and human cells (HSET) all have the microtubule crosslinking 
activity(Walczak et al., 1997; Matuliene et al., 1999; Mountain et al., 1999).  
 
The ability of kinesin-14 family to slide and crosslink microtubules is especially 
important for spindle pole clustering. In Drospholia Ncd null or partial loss of 
function mutant embryos, spindle defective morphology, centrosome splitting and 
centrosome detachment from spindle poles were observed. Based on the microtubule 
localization of Ncd throughout mitosis, it is proposed that Ncd binds mitotic spindle 
through its basic tail. Meanwhile, it associates with spindle poles via dynamic polar 
microtubules by its ATP sensitive microtubule binding site. (Endow et al., 1994; 
Endow and Komma, 1996). With these two binding sites, examination in Drosophila 
S2 cells shows that Ncd is not only primarily required for clustering kinetochore 
attached microtubules but also coordinating with dynein to transport the minus ends 
of kinetochore attached microtubule cluster to spindle poles (Goshima et al., 2005). 
Consistently, in mammalian CHO cells and human HeLa cells kinesin-14 is also 
found to be important for spindle pole focusing(Matuliene et al., 1999; Zhu et al., 
2005). Similar to what has been shown in budding yeast (Saunders and Hoyt, 1992), 
HSET in human antagonizes the activity of Eg5 kinesin both in vitro and in vivo. 
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Eg5 is a plus-end directed kinesin important for centrosomes separation. With the 
antagonistic activity of minus-end directed HSET, a well-ordered force-balanced 
bipolar mitotic spindle can be generated in the cell (Mountain et al., 1999). 
Consistently, in human cancer cells with extra centrosomes, HSET is essential for 
clustering them to regulate cell viability. In contrast to various diploid cells, HSET 
RNAi induced further increase of multipolar spindles in NlE-115, MD231, BJ 
(tetraploid) and NIH-3T3 (tetraploid) cells with high level of extra centrosomes. 
Additionally, HSET depletion induced a reduction of cell viability in NlE-115, 
MDA-231, BT549 and NHO2A cells with extra centrosomes. However, HSET 
depletion did not have this effect in MCF-7 and NIH3T3 (diploid) cells with normal 
centrosomes. These results indicate the role of HSET in clustering excess 
centrosomes can be a good target for cancer therapeutics (Kwon et al., 2008). Other 
than cancer cells, HSET has also been reported to regulate spindle pole clustering in 
normal human primary lung cells (Kim and Song, 2013). 
 
Kinesin-14 can pull interpolar microtubules from opposite sides together in addition 
to its role in pole focusing. In budding yeast, karyogamy is the process in which two 
haploid nuclei move and fuse to form a stable diploid. During this process, Kar3 is 
required to drive inward movement of antiparallel microtubules and pull two nuclei 
together with its motor activity (Meluh and Rose, 1990). Similarly, Ncd is important 
to generate inward force on interpolar antiparallel microtubules to pull the poles 
together (Sharp et al., 2000).  
 
Interestingly, Kar3 can also depolymerize microtubules preferably at the minus-end 
in vitro (S A Endow, 1994; Chu et al., 2005; Sproul et al., 2005). Kar3 deletion 
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induced excessive microtubule number and length can be reversed by stimulating 
microtubule depolymerization (Saunders et al., 1997). Different from the yeast data, 
HSET overexpression but not depletion has also been shown to increase spindle 
length. Spindle length is longer in cells overexpressing HSET wildtype but not those 
overexpressing HSET mutant defective in ATP hydrolysis, indicating that sliding 
activity is important for spindle length regulation. On the other hand, XCTK2 
mutants with constitutive crosslinking activity also induced longer spindles (Cai et 
al., 2009b). Thus, kinsen-14 may regulate mitotic spindle length via its two functions 
in microtubule crosslinking and sliding. 
 
Furthermore, HSET has been shown to regulate chromosome congression as 
mentioned above. Depletion of HSET allows plus end directed kinesin CENP-E to 
drive kinetochore gliding to the cell equator. In addition, it was speculated that 
HSET might indirectly generate poleward force onto kinetochore chromosome (the 
authors did not observe HSET association with kinetochores and chromosome arms). 
An alternative explanation was that HSET depletion provided stabilized microtubule 
bundles at central spindle to facilitate CENP-E driven gliding (Cai et al., 2009a). 
 
Last but not the least, kinesin-14 is involved in cytokinesis stage regulation. 
Perturbation of HSET induced midzone microtubule assembly defects with important 
midbody association proteins mislocalization, which finally lead to cytokinesis 
failure with aneuploid cells (Cai et al., 2010).  
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3. Spindle Assembly Checkpoint (SAC) 
To facilitate chromosome segregation, chromosomes are congressed to the equator, 
and end-on attachment is established between microtubule and kinetochore in a bi-
orientated manner. However, as there are a large number of chromosomes in a 
mammalian cell, errors causing defects in chromosome segregation may easily 
happen in this process. To avoid chromosome segregation errors, eukaryotic cells 
utilize the spindle assembly checkpoint (SAC) as a surveillance mechanism to delay 
mitotic exit before all chromosomes are properly captured and aligned.  
 
Mis-segregation of chromosomes activates SAC, which inhibits anaphase-promoting 
complex/cyclosome (APC/C), leads to mitosis delay to ensure chromosome 
segregation fidelity. To do this, SAC directly target APC/C co-factor Cdc20 to 
downregulate APC/C activity. SAC is satisfied and inactivated when all the 
chromosomes are properly captured by microtubules on the kinetochore in a bi-
orientation manner with tension generated. After SAC satisfaction, APC/C interacts 
with its co-factor Cdc20 to be activated.  APC/C is the key ubiquitin ligase in mitosis 
targeting proteins for proteasome mediated protein degradation. Activated APC/C 
mainly target two proteins in mitosis, Cyclin B and securin. When a cycling cell 
entering anaphase for chromosome segragation, Cyclin B is degraded through 
proteolysis to downregulate mitotic kinase Cdk1 activity, and securin is removed to 
activate a protease named seperase critical for sister chromatids separation. Thus 
sister chromatids are separated, cells enter anaphase (Musacchio and Salmon, 2007).  
 
Multiple SAC regulating proteins have been identified initially from yeast screenings 
using spindle poisons, which include BUB (budding uninhibited by benzimidazole) 
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genes, BUB1, BUB3, Mad (mitosis arrest deficient) genes, Mad1, Mad2 and Mad3 
(BUBR1 homolog in yeast) (Hoyt et al., 1991; Li and Murray, 1991). Mad2, BUBR1 
and BUB3 form a mitotic checkpoint complex (MCC) with APC/C activator Cdc20, 
through this interaction MCC binds and inhibits APC/C ubiquitin ligase activity 
(Sudakin et al., 2001). In MCC the function of Mad2 is to open up Cdc20 to expose a 
novel BUBR1 interaction site. It is BUBR1 but not Mad2 directly responsible for 
APC/C-Cdc20 activity inhibition through interaction(Han et al., 2013). Notably, 
BUBR1 has been shown to largely related to tumorigenesis. As discussed below, 
overexpression of BUBR1 has been observed in various types of cancers. Moreover, 
BUBR1 is the only identified MCC component been mutated in the germline to 
cause disease with cancer predisposition. Thus, BUBR1 has been extensively studied 
from various aspects. 
 
3.1 BUBR1 – a protein with dual functions 
First identified in the yeast screening from mutants resistant to spindle poisons 
caused cell cycle arrest as Mad3, BUBR1 (budding uninhibited by benzimidazole 
related 1) functions in two aspects - SAC and microtubule kinetochore attachment 
have been studied. 
 
3.1.1 Summary of BUBR1 functions 
As discussed above, BUBR1 is in MCC complex to directly inhibit APC/C-Cdc20 
activity. Mechanistically, BUBR1 functions as a pseudosubstrate of APC/C-Cdc20 to 
impose SAC signaling. It competes with APC/C substrates for Cdc20 binding, thus 
inhibits APC/C-Cdc20 complex mediated protein degradation (Burton and Solomon, 
2007). As expected, BUBR1 depletion causes mitotic exit of cells. 
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Another important mitotic function of BUBR1 to regulate chromosome congression 
was revealed later when BUBR1 depleted cells were arrest in mitosis by 
pharmacologically treatment. Using MG132 to inhibit proteasome mediated protein 
degradation and prevent cells from mitotic exit, BUBR1 siRNA treatment showed 
massively misaligned chromosomes independent of its SAC function. Examined 
closely under microscope it was shown that these misaligned chromosomes were 
resulted from microtubule kinetochore attachment defects (Johnson et al., 2004; 
Lampson and Kapoor, 2005). Interestingly, chromosome misalignment caused by 
BUBR1 depletion can be reversed by either pharmacological inhibition or siRNA-
mediated depletion of Aurora B kinase responsible for destabilizing erroneously 
attached microtubules to the kinetochores.  This result reveals that BUBR1 may 
antagonize Aurora B activity at the kinetochores to promote microtubule-kinetochore 
attachment (Lampson and Kapoor, 2005), although the molecular basis of this 
antagonism remains elusive.    
 
 
Figure VII. Domains of human BUBR1 
Using two KEN boxes, BUBR1 interacts with Cdc20. In addition, KNL1 uses its KI 
motif to associate with BUBR1 TRP domain. GLEBS motif is important for BUBR1 
binding with BUB3 and kinetochore localization for SAC function. Kinase domain 
may be only essential for protein stability maintainence. 
 
3.1.2 BUBR1 structural domains and functions 
KEN boxes 
BUBR1 is an evolutional conserved protein with well-defined domains, which 
facilitate analysis of BUBR1 roles in mitosis. Functionally, the N terminal domain 
 33	  
highly conserved in BUBR1, BUB1 and their homologues are essential for SAC. 
There are two protein motifs named KEN box in the N terminus of BUBR1, which 
comprises consecutive lysine, glutamate and asparagine residues responsible for 
substrate recognition. In addition it is demonstrated in budding yeast that through its 
KEN box motifs BUBR1 competes with APC/C real substrates for Cdc20 interaction 
(Burton and Solomon, 2007). The N terminal KEN box but not the C terminal one of 
BUBR1 is required for Cdc20 interaction and thus BUBR1 can regulate SAC 
function (Burton and Solomon, 2007; Rahmani et al., 2009). In a N terminal KEN 
box dependent manner, BUBR1 forms MCC with Cdc20 and Mad2, the C terminal 
KEN box blocks APC/C substrate recruitment after APC/C association (Lara-
Gonzalez et al., 2011). 
 
TPR motif 
 The other motif in BUBR1 N terminal region is TPR (tetratricopeptide repeat) 
motif, which is defined by a helix-loop-helix with hydrophobic residues at specific 
site. This motif is critical for BUBR1 function in SAC regulation, because BUBR1 
TPR motif point mutants with decreased blinkin (KNL1 in human) interaction have 
accelerated mitosis after endogenous BUBR1 depletion. Moreover, blinkin and 
human KNL1 KI motif bind to BUBR1 N terminus and blinkin is required for 
BUBR1 kinetochore localization (Kiyomitsu et al., 2007; Krenn et al., 2012). 
However, only the TPR motif on BUBR1 is not sufficient to bring BUBR1 onto 
kinetochores and BUBR1 with defective KNL1 interaction still decorates 
kinetochores showing TRP is not necessary for BUBR1 kinetochore recruitment 




The region in the middle of BUBR1 has been predicted to be mainly disordered. In 
this region, the GLEBS motif is responsible for BUBR1 interaction with BUB3. 
Upon BUB3 binding, GLEBS motif has a structural transition from a disordered 
unbound state to a more ordered BUB3 bound state. The interaction of BUBR1 with 
BUB3 is required for BUBR1 kinetochore localization and its mitotic functions. 
Overexpression of GLEBS domain causes a dominant negative effect in HeLa cells 
for functional SAC, and mutation within GLEBS motif disrupts BUBR1 kinetochore 
localization, causes defects in SAC activation as well as chromosome congression 
(Taylor et al., 1998; Elowe et al., 2010).  
 
Kinase domain 
The C terminus of BUBR1 is called kinase domain that is lacking in its homolog 
Mad3 protein (yeast, worms and plants). As there is no known species with both 
BUBR1 and Mad3 proteins, it is highly likely that Mad3 fulfills BUBR1 functions in 
these species. However, the importance of BUBR1 kinase activity in SAC and 
kinetochore microtubule attachment regulation is highly debatable (Elowe, 2011).  
 
BUBR1 truncation mutant without kinase domain is widely utilized to evaluate its 
kinase function in SAC regulation. Nocodazole can depolymerize microtubules to 
cause chromosome misalignment to activate SAC. Firstly, BUBR1 may have kinase 
activity. It was demonstrated that BUBR1 can autophosphorylate itself in mitosis 
specifically and its kinase activity is sensitive to nocodazole (Chan et al., 1999). In 
contrast to wild type BUBR1, mutant with kinase domain deletion cannot be arrest in 
mitosis in the presence of nocodazole and leads to lagging chromosomes in 
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anaphase. However, in this paper, the overexpression level of GFP tagged BUBR1 
compared with endogenous was not showed. Consistent with this, in Xenopus egg 
extract system and human cancer cells BUBR1 deleted kinase domain or kinase 
inactive mutant are unable to activate SAC with mitotic arrest (Mao et al., 2003; 
Kops et al., 2004). Additionally, the plus end directed kinesin CENP-E interaction 
with BUBR1 C terminus is required for its kinetochore localization in Xenopus egg. 
Through CENP-E interaction BUBR1 kinase activity is strongly enhanced in vitro 
and in vivo (Mao et al., 2003). However, using kinase inactive BUBR1 mutant it was 
demonstrated that BUBR1 kinase activity was required for Mad2 but not CENP-E 
kinetochore localization. This result indicates BUBR1 kinase activity may regulate 
SAC through MCC kinetochore localization. However, there are reports showing 
BUBR1 kinase inactive or kinase domain deletion can nicely inhibit APC/C activity 
with functional SAC (Chen, 2002; Suijkerbuijk et al., 2010). In addition previous 
results observed in BUBR1 kinase inactive mutants may through reduced protein 
stability from that mutation in the kinase domain (Suijkerbuijk et al., 2012b). 
 
Importance of BUBR1 kinase activity in chromosome congression is also studied. 
Using Xenopus egg extract, it is shown that phosphorylation of microtubule plus end-
binding protein APC (adenomatous polyposis coli) by BUBR1 is important for 
BUBR1 APC/EB1 complex formation and APC kinetochore recruitment. As 
microtubule tip binding protein APC/EB1 plays important roles in microtubule 
kinetochore attachment, suggesting BUBR1 kinase coordinates with APC/EB1 to 
regulate microtubule kinetochore attachment in Xenopus egg extract (Zhang et al., 
2007). However, Xenopus egg extract system is not exactly the same with 
mammalian cells. For example, CENP-E is essential for metaphase plate formation 
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in Xenopus egg extract but depletion in mammalian cells only causes mild 
chromosome misalignment (Zhang et al., 2007). Some studies support the 
importance of BUBR1 kinase activity in chromosome congression. Recently in 
human cells, BUBR1 is shown to autophosphorylates itself at Thr608, which is 
important for both SAC and chromosome congression. In accordance with this, both 
autophosphorylated site Thr608 alanine mutant (T608A) and kinase inactive mutant 
are shown to cause chromosome misalignment and weak SAC with Mad2 
delocalized from kinetochores. Additionally it was suggested that the attachment 
regulation by BUBR1 mutants might through Hec1 regulation (Guo et al., 2012).  
 
On the contrary, many new data suggests BUBR1 kinase activity is not required for 
chromosome alignment regulation in human cells. BUBR1 kinase inactive mutant 
was shown to rescue BUBR1 depletion caused chromosome congression defects and 
mitosis timing (Elowe et al., 2007). Using conditional knockout mouse cells, in the 
absence of endogenous BUBR1, both BUBR1 kinase inactive mutant and BUBR1 N 
terminus (a.a. 1-363) without kinase domain rescue chromosome misalignment well 
(Malureanu et al., 2009). Furthermore, as shown in HeLa cells BUBR1 central 
region without kinase domain (a.a. 484-715) is necessary for chromosome proper 
alignment (Suijkerbuijk et al., 2010). Importantly, a recent study concluded that 
BUBR1 is a pseudokinase with kinase domain essential for protein conformational 
stability but not chromosome segregation regulation. Additionally it is suggested that 
the kinase domain of BUBR1 is nonenzymatic, and the kinase inactive mutant in 
previous studies probably caused conformational instability, and BUBR1 kinase 
activity may came from associated other kinases (Suijkerbuijk et al., 2012b). 
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3.1.3 Phosphorylation of BUBR1 and function 
BUBR1 is extensively phosphorylated on multiple residues and its function on SAC 
and chromosome congression are also regulated by phosphorylation. Plk1 with Cdk1 
were shown to be the major kinases to phosphorylate BUBR1 (Elowe et al., 2007).  
 
In Xenopus cell extract, BUBR1 Thr605 phosphorylation by Cdk1 primes its 
phosphorylation by BUBR1 and increases BUBR1 Plk1 interaction. Thr605 residue 
(Thr620 in human) dynamic phosphorylation is important for SAC activation, as 
Mad2 and Plk1 are not targeted to kinetochores after in either BUBR1 T605A or 
T605E mutants in endogenous BUBR1 depleted cell extract (Wong and Fang, 2007).  
 
Other than this, multiple BUBR1 residues have been reported in human cells to 
majorly promote chromosome congression after phosphorylation. Similar to Xenopus 
cell extract, the same site of BUBR1 in human cells (Thr620) is phosphorylated by 
Cdk1 to trigger Plk1 binding. Cells reconstituted with BUBR1 S619A T620A double 
mutant defective in Plk1 interaction have chromosome misalignment with intact 
SAC, indicating that phosphorylation of these two residues is essential for 
chromosome (Elowe et al., 2007). In addition, BUBR1 Plk1 phosphorylation 
residues Thr792 and Thr1008 are also important in chromosome congression but not 
SAC function. BUBR1 with T792E and T1008E double mutations not only rescues 
chromosome misalignment after BUBR1 depletion but also rescues Plk1 knockdown 
caused chromosome misalignment. These results suggest that Plk1 phosphorylates 
BUBR1 on these two sites to promote chromosome alignment (Matsumura et al., 
2007).  
 38	  
Moreover, four additional phosphoserine sites on BUBR1 have been identified, 
which are Ser453, Ser543, Ser670 and Ser1043. Using pS670 and pS1043 
antibodies, it is showed that both sites are phosphorylated in a mitosis specific 
manner. Depletion of endogenous BUBR1 and with BUBR1 mutant supplementation 
showed that cells with either S670A or S670D mutant could align chromosomes 
well, however, S670A mutant was unable to reduce lagging chromosomes indicative 
of aberrant attachment. Both S670A and S670D mutants were unable to generate 
tension across kinetochores indicating by interkinetochore distance, although S670A 
had 11% microtubule kinetochore end-on attachment defect and more than 98% 
S670D had proper end-on attachment. Supplemented with BUBR1 four serines to 
phospho-resistant but not phosho-mimetic mutant, cells have increased aberrant 
attachments with and lagging chromosomes. However, the metaphase to anaphase 
delay was observed in both mutants supplementary assay (Huang et al., 2008). These 
results also indicate Ser670 phosphorylation can promote chromosome congression. 
 
Furthermore, another five Cdk1 potential phosphorylation sites on BUBR1, Ser543, 
Ser574, Ser670, Ser720 and Ser1043 have been identified as mitotic specific sites by 
mass spectrometry, in which S574 and S720 are novel sites. Additionally neither 
mutant with five serines changed into alanines (phospho-resistant) or aspartic acids 
(phospho-mimic) can restore chromosome alignment after BUBR1 depletion, 
indicating that dynamic Cdk1 phosphorylation on BUBR1 is important in 
chromosome alignment regulation (Elowe et al., 2010). 
 
Collectively, BUBR1 dynamic phosphorylation during mitosis is critical for its roles 
mainly to promote chromosome congression. 
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3.2 BUBR1 and Human Cancers 
Given its essential roles to keep chromosome segregation under surveillance in order 
to avoid loss of important genetic information, BUBR1 deregulation may lead to 
aneuploidy or abnormal number of chromosomes. Aneuploidy in the germline 
presents a significant barrier towards successful organism development (the leading 
cause of miscarriage and mental retardation). In addition, if aneuploidy is introduced 
into an otherwise diploid cell line, aneuploid cells are outcompeted by diploid cells; 
supporting the idea that aneuploidy is deleterious to rapid cell cycling in culture. 
Paradoxically, most solid tumors are aneuploid and missegregate chromosomes at 
high rates, a phenomenon called chromosomal instability (CIN) (Holland and 
Cleveland, 2012)(Holland and Cleveland, 2009). It is associated with poor patient 
prognosis, and it correlates with advanced tumor stage including acquisition of 
metastatic potential and drug resistance. As it maintains chromosome segregation 
fidelity and prevents aneuploidy, BUBR1 (encoded by BUBR1B) deregulation has 
been identified in several diseases, especially cancer.  
 
3.2.1 bladder cancer 
In urothelial bladder carcinomas (104 tissue specimens), 33.7% have overexpressed 
BUBR1 without BUB1B gene copy change that associate with chromosome 
instability, and centrosome amplification (Yamamoto et al., 2007). BUB1B gene 
mutational inactivation rather than polymorphism or loss of one allele are also rare in 
bladder cancers (Olesen et al., 2001). Moreover, BUBR1 overexpression 
significantly correlates with higher histological grade, advanced pathological stage, 
and high cell proliferation, which can be used for disease recurrence and progression 
prediction (Yamamoto et al., 2007).  
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3.2.2 colorectal cancer 
In colorectal cancers of which 85% are aneuploid (Rajagopalan et al., 2003), BUB1B 
expression is increased in malignant tissues compared with controls which also 
correlates with the Ki67 (a proliferation marker) level in cancers (Shichiri et al., 
2002; Abal et al., 2007; Burum-Auensen et al., 2008). However, in other cases it was 
shown 31.3% of 67 human colon adenocarcinomas have reduced BUBR1 level (Shin 
et al., 2003). Strikingly, BUB1B level is significantly reduced in aneuploid compared 
with diploid tumors, suggesting BUB1B roles in inhibiting aneuploidy (Burum-
Auensen et al., 2008). Similar findings were reported in Wilms tumors (Haruta et al., 
2008). However, in this study (Burum-Auensen et al., 2008), BUB1B protein level 
does not reveal significant association with survival and prognosis. Another study 
with colorectal carcinomas, reduced BUBR1 mRNA levels associated with lymph 
nod metastasis and shorter relapse-free survival after surgery (Shichiri et al., 2002). 
Two mutantions, codon 40 C to T mutant and codon 1023 T deletion caused a.a. 352 
truncation have been identified in human colorectal cancers (Cahill et al., 1998). 
Because adenomatous polyposis coli (APC) gene is commonly found to be mutated 
or deleted in inherited familial adenomatous polyposis patients and in sporadic 
colorectal cancers, mouse models with APC mutants have been established to study 
colorectal cancers. APC min/+ (multiple intestinal neoplasia) (truncation at a.a.850) 
mouse gives rise to 100 polyps in the small intestine in addition to colon tumors. 
However, compared with APC min/+ mutant mice BUBR1 +/- APC min/+ compound 
mutant ones had 10 times more colonic tumors in higher grades. The murine 
embryonic fibroblasts obtained from BUBR1 +/- APC min/+ mice also had higher 
proliferation weak SAC, higher genomic instability and premature separation of 
sister chromatids (Rao et al., 2005). 
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3.2.3 breast cancer 
Various studies have shown that BUBR1 is associated with breast cancer as well. 
Increased BUB1B transcripts and protein level were observed in 12 breast cancer 
cell lines and primary tumor samples compared with nontumorigenic mammary 
epithelial cells (Yuan et al., 2006), which is also true in transcripts level for ductal 
breast carcinoma from19 Italian patients (Scintu et al., 2007). Similar to previous 
studies in breast cancer, colorectal cancer, hepatocellular carcinoma, lung cancer and 
thyroid cancers (Myrie et al., 2000; Shichiri et al., 2002; Saeki et al., 2002; Haruki et 
al., 2001; Ouyang et al., 2002), only single-nucleotide polymorphism (SNP) but not 
sequence mutations affecting protein structure were identified. In a tissue microarray 
77% of 270 primary breast cancer samples were stained positive for BUB1B, but not 
normal breast ductal tissues (Yuan et al., 2006). Remarkably, BUB1B expression is 
strongly associated with higher grade of ductal breast cancers and high Ki67 staining 
(Yuan et al., 2006; Du et al., 2011), which may function as a novel biomarker in 
breast cancer (Nasir et al., 2011). Importantly, a recently study with a median 15 
years follow up of 98 stage II breast cancer patients showed that higher BUBR1 
expression was the characteristic of shorter overall survival, disease-free time and 
disease-specific survival. Moreover increased BUBR1 mRNA expression had a 
negative impact on relapse-free, distant metastases free and overall survival 
(Maciejczyk et al., 2013). Additionally a single-nucleotide polymorphism (SNP) 
analysis also demonstrated that BUB1B haplotype (combination of SNP on different 
loci) distribution in 698 breast cancer patients is significantly different from 1492 
healthy controls, with certain potential cancer risk (at-risk) haplotypes. In addition 
the trend of risk to develop breast cancer in women with higher number of BUB1B 
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at-risk haplotypes is significantly elevated, indicating that the importance of BUB1B 
in breast cancer development (Lo et al., 2007). 
 
3.2.4 gastric cancer 
Similar to breast cancer, BUBR1 was overexpressed in lung cancers and 68% of 43 
gastric carcinomas and it was positively correlated with Ki67 indicated proliferation 
status of gastric carcinomas (Haruki et al., 2001; Grabsch et al., 2003). A 
homozygous mutation causing BUBR1 premature stop at codon 820 has been 
reported in a patient with gastric adenocarcinomas. Containing low level of mRNA 
and protein of BUBR1 in accordance with the number of wild type allele, cell lines 
from the homozygous mutant patient had premature chromatid seperation, 
centrosome amplification, weak SAC (Rio Frio et al., 2010).  
 
3.2.5 other cancers 
Different from breast cancer, although BUBR1 was overexpressed in 22.4% of 49 
oral squamous cell carcinomas, it is associated with less advanced pathologic stage 
and longer survival time, but shorter recurrence free survival (Rizzardi et al., 2011). 
Although 25.9% of 27 salivary duct carcinoma (SDC) subjects had high BUB1B 
expression, it did not have prognostic significance in SDC showed by survival 
analysis (Ko et al., 2010).  
 
Collectively, BUBR1 overexpression phenotype but not genetic mutation in tumors 




3.3. BUBR1 mutations cause Mosaic Variegated Aneuploidy (MVA) 
Disease  
As stated above, BUBR1 mutations are very rare in various cancer types with only 
reports from colorectal cancer and gastrointerstinal neoplasia. However, in Mosaic 
Variegated Aneuploidy (MVA) disease (Online Mendelian Inheritance in Man 
number, 257300) which is a rare childhood syndrome of autosomal recessive cancer 
predisposition, quite lot BUBR1 mutations have been identified (Hanks et al., 2004; 
Matsuura et al., 2006). Although mutations of CEP 57 gene also cause MVA 
diseases, BUBR1 have been linked to MVA in most of the reports (Snape et al., 
2011). The finding of biallelic BUBR1 mutations in MVA is the first time to link 
SAC protein germline mutations with human disease, which also provided a causal 
link for chromosome instability and aneuploidy in tumorigenesis (Hanks et al., 
2004). Characteristically, MVA patients have microcephaly, cataracts, mental 
retardation, development delay and various additional medical problems in clinic. At 
cellular level, with abnormal chromosome number in many but not all (usually 
>25%) the cells (mosaic aneulpoidy), a high proportion of MVA patients developed 
cancers including Wilms tumor, rhabdomyosarcoma and leukaemia (Hanks and 
Rahman, 2005). In these five MVA patients with biallelic BUBR1 mutations 
analyzed, all of them had a missense mutation in one allele and a mutation that 
causes protein truncation or transcript absence in the other allele (Hanks et al., 2004). 
Molecular causes of MVA has been elucidated using MVA patients cell lines and 
BUBR1 mutants replacement. Cells from Japanese MVA patients with reduced 
BUBR1 protein which normally binds and inhibits Plk1 kinase activity at 
centrosomes during interphase have centrosome amplification (Izumi et al., 2009). 
Exogenously expression of BUBR1 was able to suppress centrosome amplification 
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in p53-/- mouse embryonic epithelial cells (Oikawa et al., 2005). With more 
mutations identified, two groups of MVA mutations have been classified that 
mutations directly disrupt SAC or microtubule kinetochore attachment function of 
BUBR1 and mutations reduce BUBR1 protein abundance (Suijkerbuijk et al., 2010). 
At cellular level, using short hairpin RNAs (shRNAs) to reduce BUB1B protein at 
different levels, stable cells with 50% BUBR1 reduction clearly showed aneuploidy 
and also premature chromatid separation, indicating that MVA disease may depend 
on residual abundance of BUBR1 caused by mutations (Bohers et al., 2008). This 
result is also consistent in mouse models with modified BUBR1 abundance at 
organism level.  As BUB1B-/- mice are embryonic lethal, BUB1B+/- mice have 
normal development but defective SAC with increased micronuclei at cellular level 
and develop lung and colon cancers induced by carcinogens (Dai et al., 2004). 
BUB1B hypomorphic mice (BUB1BH/H) with only 10% wild type residual BUBR1 
expression developed aneuploidy with defects on SAC and chromosome segregation, 
cataracts and growth retardation, resembling human MVA disease phenotype (Baker 
et al., 2004).  Interestingly, sustained high-level BUBR1 expression in transgenic 
mice protects against chromosome instability, induced defective SAC, aneuploidy, 
and both spontaneous and induce turmorigenesis (Baker et al., 2012). These results 
suggest MVA disease may arise from BUBR1 mutations in an abundance sensitive 
manner.  
 
4. Phosphorylation and Protein Phosphatase 2A (PP2A) 
Other than checkpoint for the surveillance, mitotic progression needs to be 
dynamically regulated during the progression, from entry to exit. One of the key 
regulatory mechanisms is reversible protein phosphorylation mediated through the 
opposing actions of protein kinases and protein phosphatases. During protein 
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phosphorylation, kinases transfer phosphate group from ATP to the hydroxyl side 
chain of serine, threonine or tyrosine, which is removed by phosphatases. A lot of 
proteins are phosphorylated majorly by cyclin dependent kinase 1 (Cdk1) 
coordinated with other kinases (Plk1 and Aurora B for example) after entering 
mitosis (Dephoure et al., 2008). To make mitotic progression under dynamic 
regulation, phosphatases play essential roles (Bollen et al., 2009).  
 
Of all cellular proteins one third are phosphorylated (Sefton and Shenolikar, 2001), 
with majority phosphorylation on serine and threonine residues (Ser/Thr) by over 
400 kinases (Virshup and Shenolikar, 2009; Manning et al., 2002). To antagonize the 
kinase activity, a large number of diverse phosphatase regulatory subunits are 
assembled with phosphatase catalytic subunits encoded by a small number of genes 
in the cell. Within the limited number of Ser/Thr protein phosphatases, one of the 
most abundant one is Protein Phosphatase 2A (PP2A), which has highly expressed 
catalytic subunit comprising 0.3~1% of total cellular proteins (Virshup, 2000). It has 
been known for a long time that PP2A can counteract Cdk1 kinase activity on 
several substrates in vitro indicating its essential roles in cell cycle regulation 
(Ferrigno et al., 1993). 
 
The core enzyme of PP2A consists of a 36 kDa catalytic C subunit and a 65 kDa 
structural A subunit. However, PP2A predominantly exists as a heterotrimeric 
holoenzyme with A, C and a regulatory B subunits in vivo (Janssens and Goris, 
2001; Sontag, 2001). In mammalian cells, monomeric subunits are degraded rapidly 
through proteolysis (Strack et al., 2004). PP2A holoenzyme localization, substrate 
determination and activity are conferred through its association with variable 
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regulatory B subunits (Virshup and Shenolikar, 2009). Although all the regulatory B 
subunits can recognize PP2A A and C subunits, they are encoded by four different 
gene families without any sequence similarity (Janssens and Goris, 2001). These 
regulatory B subunit families are classified into (PR55), B′ (B56 or PR61), B″ 
(PR72), and B‴ (PR93/PR110) families with the number representing the 
approximate molecular weight of each protein in kDa (Seshacharyulu et al., 2013). 
Each family of regulatory B subunit is encoded by two to five genes with multiple 
splice variants ensuring diverse PP2A holoenzyme assembly (Virshup and 
Shenolikar, 2009). Among these B subunits, B56 family has been intensively studied 




Figure VIII. Schematic structure of PP2A 
A is the PP2A structural subunit, C is the catalytic subunit and B is the regulatory 
subunit including B/B’/B”/B’” families. Sequence unrelated genes encode B subunit 
families. Within each B subunit family there are 2 to 5 different isoforms with 
multiple splice variant. B56 family containing α,β,γ,δ,ε isoforms has been intensively 
studied. 
 
4.1 B56 family of PP2A – structure and functions 
The B56 family of regulatory subunits consists of 5 distinct isoforms (α,β,γ,δ,ε) with  
~70% homology in an extended central domain and divergent N and C termini, have 
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different intracellular locations and tissue-specific expression patterns (McCright et 
al., 1996). Crystal structure of B56 containing PP2A holoenzyme has largely 
facilitate the understanding of the function and regulation of PP2A (Mumby, 2007). 
PP2A A subunit has 15 HEAT repeats which are conserved sequence motifs 
originally identified in the Huntingtin protein, elongation factor 3, the A subunit of 
PP2A, and the target of rapamycin protein kinase. These HEAT repeats form a 
horseshore shaped scaffold holding B and C subunits together (Cho and Xu, 2006; 
Xu et al., 2006). The C subunit is often targeted by multiple potent tumor-inducing 
toxins, such as okadaic acid and microcystin-LR (MCLR). Both toxins can bind to a 
similar set of amino acids surrounding the C subunit active site. This explains how 
okadaic acid functions as a potent PP2A inhibitor (Xing et al., 2006). B56 family has 
an unique feature that they are mostly α-helical and can be phosphorylated 
(Seshacharyulu et al., 2013). 18 α-helices of B56 fold and form 8 HEAT repeat-like 
structures in the holoenzyme. While using conserved residues located in HEAT2, 
HEAT4 and HEAT5 to interact with A subunit, B56 binds C subunit through 
residues located in HEAT6 to 8 (Xu et al., 2006). As a consequence of holoenzyme 
formation, B56 is located to a position close to C subunit active site and modifies the 
holoenzyme substrate docking site (Cho and Xu, 2006).Formation of PP2A 
holoenzyme shows a structure with highly acidic concave side of the B56 family 
isoforms remains unoccupied, which is important for substrates such as Shugoshin 
recruitment (Cho and Xu, 2006; Xu et al., 2006). Additionally many viral proteins 
can disrupt B56 family containing functional PP2A holoenzyme formation. For 
example simian virus 40 (SV40) small t antigen and polyoma virus small t and 
middle T antigen compete with B56 family isoforms for A subunit interaction(Chen 
et al., 2007; Cho et al., 2007). 
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Functionally, B56 bound PP2A has been shown to be involved in multiple signaling 
pathway regulations including canonical Wnt pathway, Hedgehog pathway and 
planar cell polarity pathway (Yang and Phiel, 2010). In canonical Wnt pathway for 
example, Wnt ligands regulate downstream gene expression by preventing β-catenin 
abundance reduction via a degradation complex consisting Axin, APC 
(Adenomatous Polyposis Coli), GSK3β and others.  Initial finding shows that 
through interaction with N terminus of APC, B56 family members antagonize Wnt 
signaling and downregulate β-catenin (Seeling et al., 1999). Following studies 
demonstrated that B56 associated PP2A may regulate canonical Wnt pathway 
through interaction with multiple different components in a more complex manner 
(Yang and Phiel, 2010).  
 
In addition, tumorigenesis is regulated by PP2A containing B56 subunits. One of the 
most essential tumor suppressor genes frequently mutated in tumors is p53 (Meek, 
2009). p53 plays an important role in DNA damage checkpoint to repair DNA 
damage, arrest cell growth or apoptosis. p53 itself is regulated in a negative feedback 
loop by its transcriptional target Mdm2. Through interaction with p53, E3 ubiquitin 
ligase Mdm2 blocks the transcriptional activity of p53 by targeting p53 for 26S 
proteasome degradation (Meek, 2009). Through phosphorylation on either p53 or 
Mdm2, p53 turnover is largely regulated (Appella and Anderson, 2001). As a 
phosphatase, PP2A can regulate p53-Mdm2 interaction by modifying their 
phosphorylation status. Both okadaic acid and fostriecin have been used as potent 
PP2A pharmacological inhibitor, and SV40 small T antigen can also inhibit PP2A 
function. Treatment of okadaic acid, fostriecin or SV40 small T antigen have been 
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shown to increase the p53 transcriptional activity, indicated by p53 target gene 
p21(Messner et al., 2006). Another p53 transcriptional target gene cyclin G can 
interact with both Mdm2 and B56α containing catalytic active PP2A and regulate 
p53 abundance. Through cyclin G interaction, B56 bound PP2A dephosphorylates 
Mdm2 at Thr216 and S166 more efficiently. Consistently, cyclin G null cells have 
Mdm2 hyperphosphorylated at Thr216 and higher p53 protein level. These results 
indicate cyclin G negatively regulates p53 abundance through PP2A (Okamoto et al., 
2002; Kimura and Nojima, 2002). Additionally, B56γ bound PP2A can also bind and 
regulate p53 directly by dephosphorylating p53 at Thr55 in response to DNA 
damage.  As phosphorylation of p53 at Thr55 promotes its Mdm2 mediated 
degradation, PP2A dephosphorylation stabilizes p53 (Li et al., 2007a). Moreover, 
B56γ bound PP2A suppression is required for cell anchorage independent growth 
and transformation indicative of its importance in turmorigenesis (Chen et al., 2004). 
 
4.2 B56 bound PP2A in cell cycle regulation 
B56 associated PP2A plays important roles in cell cycle especially mitosis 
regulation. Firstly, B56 bound PP2A can regulate mitotic entry. Mitotic entry is 
mainly driven by Cdk1/CyclinB complex (Gavet and Pines, 2010).  Cdk1 activity is 
tightly regulated by phosphorylation from multiple kinases and phosphatase. Myt1 
and Wee1 kinases phosphorylate Cdk1 on Thr14 and Tyr15 to inhibit its activity, 
while Cdc25 phosphatase activates Cdk1 by removing phosphorylation on these sites 
(Barr et al., 2011). Identified as an inhibitor of M-phase promoting factor (MPF) in 
Xenopus cell extract, PP2A has long been known to restrain Cdk1/Cyclin B 
activation and mitotic entry (Lee et al., 1991). In addition this function has been 
suggested through dephosphorylation of Cdc25 directly by PP2A (Karaiskou et al., 
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1999). It was demonstrated that through Cdc25 direct interaction, B56δ bound PP2A 
controls Thr130 phosphorylation of Cdc25. Phosphorylation at this site allows Cdc25 
to increase specific activity and move into the nucleus after releasing from chaperon-
like adaptor protein 14-3-3, which may function through inhibiting Cdc25 interaction 
with nuclear import receptor importin-α (Kumagai and Dunphy, 1999). Thus, at 
mitotic entry B56δ containing PP2A negatively regulates Cdk1 activity by promoting 
its activator Cdc25 association with 14-3-3 protein and cytosolic sequestration of 
Cdc25 (Margolis et al., 2006). 
 
Additionally, B56 bound PP2A protects cohesin complex from premature cleavage. 
Cohesin complex links duplicated sister chromatids together to prevent their 
premature separation. It comprises of Smc1 (structural maintenance of chromosomes 
1), Smc3, kleisin protein family members Scc1 and Scc3 (two Scc3 homologues SA1 
and SA2 exist) (Peters et al., 2008). Before chromosome segregation, cohesin has to 
be removed to allow sister chromatids separation. There are two steps in cohesin 
removal: i) removing it from chromosome arms during the prophase to metaphase 
transition via Plk1 phosphorylation of SA2 and ii) cleaving and removing remaining 
centromeric cohesin by a protease named separase upon completion of proper 
kinetochore-microtubule attachment in metaphase (Gutiérrez-Caballero et al., 2012). 
Through PP2A B56 family binding, Sgo1 localizes to the centromere to protect 
cohesin from premature cleavage. PP2A antagonizes Plk1 activity on SA2 
phosphorylation to maintain Sgo1 at the centromere before anaphase onset. As 
expected, both Sgo1 depletion and PP2A A subunit depletion cause premature 
chromatids separation and chromosome segregation defects. Consistently, Sgo1 
mutant defective in PP2A interaction fails in both localizing to the centromere and 
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rescuing chromosome missegregation caused by Sgo1 depletion. These results 
demonstrate Sgo1-PP2A have essential roles in protecting cohesin from premature 
cleavage (Tang et al., 2006; Kitajima et al., 2006).  In addition, B56 bound PP2A can 
interact with separase directly, which is inhibited by separase self-cleavage. 
Premature cohesin cleavage and prolonged mitotic arrest are observed in non-
cleavable separase over-expressed cells, suggesting B56 bound PP2A is sequestered 
from centromere and Sgo1 for cohesin protection (Holland et al., 2007). 
 
Furthermore, B56 associated PP2A play critical roles in mitotic exit. Before 
anaphase onset Cdk1/cyclin B activity needs to be downregulated. Proteolysis of 
cyclin B has been known as the major mechanism to turn off Cdk1 activity (Peters, 
2006). However, re-phosphorylation and inactivation of Cdk1 occur before cyclin B 
degradation indicating that Cdk1 phosphorylation also regulates mitotic exit 
(D'Angiolella et al., 2007). In addition if the cyclin B proteolysis is inhibited, cells 
can still exit mitosis by downregulating Cdk1 activity (Chow et al., 2011). Similar to 
its role at mitotic entry, B56δ bound PP2A is also critical in mitotic exit through 
Cdk1 activating phosphatase Cdc25 regulation.  By dephosphorylation of Cdc25 site 
Thr130 important for its mitotic function, B56δ bound PP2A inhibits Cdc25’s ability 
to activate Cdk1 kinase. Thus, with Cdk1 kinase activity inhibition followed by 
Cyclin B degradation, cells can exit mitosis (Forester et al., 2007). 
 
 
5. Aims of the study 
In this study, the molecular mechanisms underlying the regulation of B56 bound 
PP2A and its novel binding partner BUBR1 on chromosome congression were 
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investigated. This PhD thesis focused on addressing some of the questions in the 
field as described below: 
 
1) B56 family members have been demonstrated to involve in cell cycle 
regulation. However, as B56 has 5 different family members, the roles of B56 in cell 
cycle remain elusive. Taking the advantage of siRNA against individual B56 family 
members, the roles of B56 in cell cycle are further elucidated. This part of work has 
been published in Xu et al., 2013. 
 
2) Given the finding of B56 in promoting chromosome congression and K-fiber 
formation with underlying mechanisms obscure, yeast two hybrid screening was 
utilized to search for novel B56 binding partners. BUBR1 was identified in this 
screening. Therefore, the interaction of BUBR1 and B56 was further characterized. 
Moreover, mechanisms of how B56-BUBR1 association contributes to chromosome 
congression and K-fiber formation are studied. This part of work has been published 
in (Xu et al., 2013). 
 
3) Since germline mutations of BUBR1 cause disease with cancer 
predisposition, it was hypothesized that B56-BUBR1 interaction also plays a role in 
disease development. This part of work has been published in Xu et al., 2013. 
 
4) The chromosome accumulation near spindle poles in B56 depleted cells 
could be rescued by minus-end directed kinesin HSET depletion. Thus, the 





B56 promotes chromosome congression in a redundant manner 
To better understand the roles of PP2A-B56 in cell cycle, we depleted all B56 family 
members in HeLa cells using small interfering RNA (siRNA) and determined defects 
in cell cycle progression. First, the mRNA abundance of each B56 isoforms in HeLa 
cells was determined by real-time PCR. In asynchronously grown HeLa cells, the 







Figure 1. Depletion of B56 isoforms causes mitotic arrest in HeLa cells  
Using the indicated siRNAs (100 nM total), asynchronously growing HeLa cells 
were transfected twice with a 24 h interval. 48 h after initial transfection, cells 
were harvested for further analysis.  
(A) Real-time quantitative PCR (RT-qPCR) analysis to measure mRNA 
abundance of individual B56 family members (left graph). Immunoblot analysis 
to verify siRNA-mediated knockdown of B56 subunits (right panel). 
(B) Representative live-cell (left panel) and immunofluorescence staining images 
(right panel; green, α-tubulin; red, marker for the centromere – ACA; blue, 
DAPI) of HeLa cells 48 h after transfection with indicated siRNA sets.  
 
siRNA-mediated depletion of individual B56 did not show a measurable effect on 
cell cycle progression (data not shown). Thus, we performed knockdown experiment 
of the whole B56 family using two unrelated pools of siRNA. Surprisingly, depletion 
of all the B56 isoforms markedly increased the population of mitotic arrest cells as 
determined by morphological changes of rounding up of cells as well as 







Figure 2. B56 promotes chromosome congression in a redundant manner. 
Quantification results of chromosome congression defects in HeLa cells (n > 
300) after depleting individual B56 members in a various combination using 
indicated siRNAs. 48 h after initial transfection, cells subjected to 
immunofluorescence analysis using antibodies against a-tubulin and DAPI to 
visualize the mitotic spindles and chromosomes, respectively.  
 
Quantification from immunofluorescence analysis revealed that depletion of all B56 
isoforms drastically increased the percentage of cells in prometaphase with 
unaligned chromosomes (Figure 2A).  
 
To elucidate the importance of individual B56 members in chromosome congression, 
different combinations of B56 members were depleted using siRNAs. Co-depletion 
of any three B56 family members expressed in HeLa cells caused a measurable 
increase in the population of cells arrested in mitosis with misaligned chromosomes 
(Figure 2A). Notably, depletion of all highly expressed B56 (α, γ, δ, ε) using two 
non-overlapping pools of siRNAs further increased the population of mitotic arrested 
cells with massively misaligned chromosomes (Figure 2A and B). Importantly, these 
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results were not caused by siRNA-mediated off-target effects. Because re-expression 
of mCherry tagged B56δ that was engineered to be resistant to siRNA efficiently 







Figure 3. The abundance of B56 controls chromosome congression 
HeLa cells were transfected with siRNA pool against B56 members for twice, 
expression vectors encoding siRNA-insensitive mCherry-B56δ (A) or GFP-B56β 
(B) were co-transfected with siRNAs during the second transfection. Cells were 
treated with MG132 for 3 h before fixation and immunofluorescence study. 
Quantification was conducted in only bi-polar cells. EV: empty vector control.   
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Furthermore, whereas B56β is not expressed in HeLa cell, the defects in 
chromosome alignment were also restored by transiently expressing GFP tagged 
B56β (GFP-B56β) (Figure 3B).  
 
Sgo1 is a centromeric protein protecting sister chromatids from premature 
separation. Depletion of Sgo1 causes both premature sister chromatids separation 
(PCS) and chromosome congression defect (Tang et al., 2006; Kitajima et al., 2006). 
In addition, previous studies showed that B56-PP2A associates with Sgo1 at the 
centromeres and PP2A activity is required to prevent PCS (Tang et al., 2006; 
Kitajima et al., 2006). Thus, we tested whether the defects in chromosome 
congression caused by B56 knockdown were due to PCS by immunofluorescence 
analysis. Using antibodies raised against Hec1 (marker for the outer kinetochores) 
and ACA (maker for the centromeres), PCS was not measurably increased in HeLa 
cells depleted of all B56 members (Figure 4).  
 
 
Figure 4. Chromosome misalignment in B56 depletion is not caused by PCS 
HeLa cells were transfected with indicated siRNA for twice, and fixed for 
immunofluorescence staining 48 hours after initial siRNA transfection. 
 
Taken all these results together, we conclude that all B56 isoforms promote 
chromosome congression during early mitosis in a redundant manner.  
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All B56 subunits interact with BUBR1 
To address the molecular base of PP2A-B56 in promoting chromosome 
alignment/congression, we utilized yeast two-hybrid screening to search for novel 
B56 interactors. Using B56δ as bait for HeLa cell cDNA library screening, known 
binding partners such as PP2A Aα, PP2A Aβ, Cyclin G1 and G2 were indentified 
repetitively, which validated the screening specificity (Xu et al., 2009; Okamoto et 
al., 2002). In addition, multiple colonies containing cDNA of BUBR1 (a.a. 300-
1050) were also isolated. The interaction between BUBR1 and B56δ was verified in 
a directed two hybrid assay (Figure 5A). Consistent with the redundant roles of B56 
isoforms in promoting chromosome congression, all the B56 family members 
interacted with BUBR1. In contrast, the B’’ family member PR72 failed to interact 
with BUBR1, demonstrating BUBR1 interaction with B56 family was specific 
(Figure 5A). To further verify B56-BUBR1 interaction in cells, HA tagged B56δ 
(HA-B56δ) and Myc tagged BUBR1 (Myc-BUBR1) were transiently expressed in 
mitotic arrested HeLa cells using the microtubule destabilizer nocodazole, and were 
subjected to immunoprecipitation analysis using HA antibody. Consistent with the 
results from yeast two-hybrid analysis, HA-B56δ was coimmunoprecipitated with 
















Figure 5. BUBR1 is isolated as a novel B56 binding partner  
(A) Yeast two-hybrid assay. The interaction between BUBR1 and B56 subunits 
was evaluated by colony growth as well as blue color staining in X-gal assay.  
(B) HeLa cell lysates transiently expressing HA-B56d and Myc-BUBR1 were 
subjected to immunoprecipitation analysis with antibodies against HA-epitope.  
 
As B56 and BUBR1 forms a complex in vivo, we checked if they could colocalize 
with each other using immunofluorescence. BUBR1 colocalized with kinetochore 
marker CREST as reported (Figure 6A). Notably, we also observed colocalization of 
endogenous B56α with CREST. Moreover, in HeLa cells stably expressing GFP 
tagged B56δ, endogenous BUBR1 colocalized with GFP-B56δ. Taken together, 
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PP2A B56 family specifically interacts with BUBR1 in vitro, and they are associated 









Figure 6. BUBR1 localizes together with B56 at the kinetochore 
Representative images of HeLa cells fixed and costained with CREST 
(kinetochore marker) and endogenous BUBR1 (A) or B56α (B). In (C) GFP-
B56δ stably expressed HeLa cell was stained for endogenous BUBR1. 
 
Isolation of BUBR1 mutants defective in B56-binding  
Independent of its essential role in SAC signaling, BUBR1 is also required for 
promoting chromosome congression (Lampson and Kapoor, 2005). However, the 
mechanistic base of BUBR1-mediated chromosome congression remains elusive. 
Notably, knockdown of BUBR1 in HeLa cells that were treated with the proteasome 
inhibitor MG132 to block mitotic exit also caused massively misaligned 
chromosomes as similar to knockdown of B56 family members (addressed as 
knockdown of B56 hereafter) (Figure 7). As we found that all B56 family members 
interacted with BUBR1, we hypothesized that BUBR1 and B56 subunits may 
function as a complex in the chromosome congression pathway at the kinetochores. 
To address this issue, we first used the two-hybrid interaction to fine-map the 
binding site on BUBR1. We chose B56δ for this analysis because BUBR1 was 
originally isolated by the yeast two-hybrid system using B56δ as bait. 
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Figure 7. BUBR1 and B56 depletion induce comparable severe 
chromosome congression defect 
Using the indicated siRNAs (100 nM total), asynchronously growing HeLa 
cells were transfected twice with a 24 h interval. 48 h after initial 
transfection, cells were harvested or fixed for further analysis. 
(A) Representative images of chromosome congression defect. 48 h after 
transfection with indicated siRNAs, cells were subjected to 
immunofluorescence analysis using antibodies against α-tubulin and DAPI to 
visualize the mitotic spindles and chromosomes, respectively. 
(B) Quantification results of chromosome congression defect in HeLa cells (n 
> 300) from panel A. 
 
Notably, the BUBR1 motif (a.a.. 630-720) nearly within the essential domain for 
chromosome congression (a.a.. 484-715) (Suijkerbuijk et al., 2010) was both 
necessary and sufficient for binding B56δ ( Figure 8A-C). Further deletion analysis 
of BUBR1 revealed that two small domains within the congression regulation region 
of BUBR1 (a.a.. 630-640 and a.a.. 670-720) were required for interaction with the 
B56δ subunit (Figure 8A-C).  
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As the amino acid sequences of this second motif are evolutionally well conserved 
across different species (Figure 9A) than the first motif and also shown to be 
phosphorylated by mitotic kinases Cdk1, Plk1 and Mps1 in response to lack of 
kinetochore-microtubule attachment and tension (Elowe et al., 2007; Huang et al., 
2008), we generated a series of point mutants within this second motif of BUBR1. 
Importantly, BUBR1 point mutants in which residue 672 was replaced with 
phenylalanine (I/F), residues 672 and 673 with alanine (II/AA), or residues 678-681 











Figure 8. Fine mapping of B56 interaction domain of BUBR1  
(A) Schematic model of human BUBR1 structure with the summary of 
interactions between a series of deletion mutants of BUBR1 and B56d are shown. 
(B,C) Yeast two-hybrid assay. The interaction between BUBR1 fragments and 
B56δ was evaluated by colony growth as well as X-gal assay.  
 
 To further validate the importance of these residues in B56-BUBR1 interaction, 
GFP-S-tag (LAP)-tagged BUBR1 (LAP-BUBR1) carrying these point mutants were 
transiently expressed together with HA-B56a in HeLa cells. As the kinase domain of 
BUBR1 was dispensable for rescue of chromosome alignment (Suijkerbuijk et al., 
2010), we utilized BUBR1 encompassing amino acids 1-730 (1-730-WT). 
Determined by immunoprecipitation analysis using antibodies again GFP (Figure 
9C), LAP-BUBR1 point mutants showed a marked decrease in their abilities to bind 
HA-B56a as compared to LAP-BUBR1 (1-730-WT). Together, we identified the 









Figure 9. Isolation of BUBR1 point mutants defective in B56 interaction 
Alignment of the B56-binding sequence of BUBR1 across different species. The 
changes in amino acid residues to generate the indicated point mutants of BUBR1 
for yeast two-hybrid assay (B) are shown.  
(C) Lysates from HeLa cells transiently expressing HA-B56α and LAP-BUBR1 as 
indicated were subjected to immunoprecipitation analysis with antibodies against 
GFP. 
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B56-BUBR1 interaction is required for chromosome 
congression 
With the point mutants of BUBR1 defective in binding B56 subunits, we determined 
the importance of B56-BUBR1 interaction in chromosome congression. To address 
this, endogenous BUBR1 in HeLa cells was depleted and replaced with GFP-S-tag 
(LAP)-tagged RNAi-immune BUBR1 without the kinase domain (Figure 10).  Note 
that endogenous BUBR1 has the same electrophoretic mobility as LAP-BUBR1(1-
730-WT) (Figure 10B, 10C, top panels). Cells were then treated with MG132 to 
arrest in metaphase, and the degree of chromosome congression defects was 
quantified using immunofluorescence analysis. While knockdown of BUBR1 
produced severe chromosome misalignment (Figure 7), LAP-BUBR1(1-730-WT) 
restored alignment in 80% of cells (Figure 10). In contrast, LAP-BUBR1(1-482) 
lacking the chromosome congression domain was well-expressed but failed to rescue 
this severe chromosome misalignment. Strikingly, BUBR1 point mutants defective 
in binding B56 subunits in our directed two hybrid assay, while able to localize 
properly to kinetochores (Figure 10C, 10D, lower left panels), and expressed as well 
as wildtype (Figure 10B, 10C, top panels), were unable to rescue chromosome 
congression defects in cells depleted of BUBR1 (Figure 10B, lower right graphs). 
Importantly, these results were reproduced using a different siRNA targeting the 
3’UTR of BUBR1 mRNA (Figure 10D and 10E), excluding a possible off-target 
effect of siRNA. Considering these results together, we conclude that the B56-














Figure 10. The B56-BUBR1 interaction is required for chromosome 
congression  
(A) Schematic experimental procedure. Asynchronously growing HeLa cells 
were transfected twice with a 24-hour interval using control nonsilencing or two 
different siRNAs against BUBR1 (100 nM). During second transfection, the 
indicated expression vectors encoding siRNA-insensitive LAP tagged BUBR1 
were co-transfected. Forty-eight hours after initial transfection, cells were treated 
with MG132 for 3 hours, and subjected to immunofluorescence analysis using 
antibodies against a-tubulin and DAPI to visualize the mitotic spindles and 
chromosomes, respectively. 
(B,C) Quantification results of chromosome congression defects in HeLa cells 
(100 cells counted for each condition) expressing the indicated LAP-BUBR1. 
Immunoblot of expressed LAP-BUBR1 were shown (top panels).  
(D) Lysates from HeLa cells transiently expressing HA-B56a and LAP-BUBR1 
as indicated were subjected to immunoprecipitation analysis with antibodies 
against GFP. 
 
PP2A-B56 antagonizes Aurora B for chromosome congression 
Chromosome congression towards the metaphase plate is suggested as a means to 
maximize the efficiency of forming stable bi-oriented kinetochore attached 
microtubules (K-fiber) at the metaphase plate. As knockdown of B56 subunits 
caused massive chromosome congression defects, it should also inhibit forming 
stable K-fiber. One characteristic of unattached K-fiber is that they depolymerize in 
the cold, while end-on attached K-fiber are cold-stable (Rieder, 1981). Cold-exposed 
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HeLa cells retained K-fiber formation, while depletion of B56 subunits markedly 
reduced the number of K-fiber (Figure 11A). As knockdown of B56 is likely to cause 
an increase in substrate phosphorylation, we tested if the loss of cold-stable K-fiber 
could be reversed by inhibition of the appropriate kinase. Both Aurora B and Plk1 
have been implicated in kinetochore microtubule attachment and chromosome 
alignment (Matsumura et al., 2007; Andrews et al., 2003). Additionally, inhibition of 
Aurora B restored chromosome congression after knockdown of BUBR1 (Lampson 
and Kapoor, 2005). In our results, both treatment of cells with the Aurora B inhibitor 
ZM447439 and knockdown of Aurora B by RNAi were effective in rescuing K-fiber 
destabilization (Figure 11B and 11C) and chromosome congression (Figure 12A-C). 
This suggests that B56-PP2A antagonizes Aurora B kinase activity for K-fiber 









Figure 11. PP2A-B56 antagonizes Aurora B for K-fiber establishment 
Using the indicated siRNAs (100 nM total), asynchronously growing HeLa cells 
were transfected twice with a 24 h interval. Cells were then treated with MG132 
for 3 h before fixation. 
(A, B) Cells were incubated on ice for 10 min and then subjected to 
immunofluorescence analysis. For B, cells were pretreated with indicated amounts 
of either Plk1 (BI2536) or Aurora B (ZM447439) inhibitors for 1 h in cell culture 
medium containing MG132. 
(C) Quantification of cold-stable K-fiber formation on kinetochores (n > 200) in 
HeLa cells from panels A and B.  
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 If BUBR1 recruits B56 to the kinetochores to antagonize Aurora B activity during 
chromosome congression, then inhibiting Aurora B should rescue the chromosome 
congression defects seen in cells expressing BUBR1 mutants defective in 
B56-binding (Figure 10C and F). Indeed, treating cells with ZM447439 rescued 
chromosome congression defects in cells expressing the LAP-BUBR1 (1–730-I/F) 
mutant (Figure 12D). This effect is specificto inhibition of Aurora B, as inhibition of 
Plk1 with BI2536 failed to rescue K-fiber destabilization caused by knockdown of 
B56 subunits (Figure 11B,C). The lack of effect of the Plk1 inhibitor differs from a 
previous report (Foley et al., 2011). Plk1 is implicated in stabilizing kinetochore–
microtubule attachments (Lénárt et al., 2007; Matsumura et al., 2007)  and we 
confirmed that BI2536 treatment caused mono-polar spindle formation with 
kinetochores detached from microtubules (Figure 11B). Taken together, these results 
indicate that BUBR1 antagonizes Aurora B, rather than Plk1 activity, by recruiting 
B56-PP2A to the kinetochore. Furthermore, PP2A-B56 counteracts Aurora B kinase 














Figure 12. B56-PP2A antagonizes Aurora B activity to promote chromosome 
congression via BUBR1 recruitment 
(A) Immunofluorescence analysis with the schematic experimental procedure. 
Where indicated, ZM447439 (2 mM) was added for 1 h into cell culture medium 
containing MG132 before fixation.  
(B) Quantification results of chromosome congression in HeLa cells (n > 100, 
each) from panel A. The percentage of misaligned kinetochores falling outside the 
box in bi-polar metaphase cells was counted.  
(C, D) Quantification results of chromosome congression in HeLa cells (n > 100, 
each). For C, siRNA against Aurora B (20 nM) was co-transfected with a set of 
siRNAs (80 nM) against the indicated B56 subunits. For D, siRNAs and LAP-
BUBR1 were transfected as described in Figure 10A. ZM447439 (2 mM) was 
added for 1 h in cell culture medium containing MG132 before fixation.          
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B56-PP2A is also essential for chromosome congression 
independent of K-fibers formation 
Chromosome congression is thought be accomplished by the motor-driven 
chromosome gliding (Cai and Walczak, 2009; Foley and Kapoor, 2009) as well as 
the classic search and capture process. Based on the classic search and capture model 
(Kirschner and Mitchison, 1986), establishment of K-fiber is prerequisite for 
chromosome congression. The KMN network [named for the key components 
KNL1, Mis12 complex (Mis12-NNF1-DSN1-NSL1), and Ndc80 complex (Ndc80-
NUF2-Spc24-Spc25)] is the major protein complex that directly links the 
kinetochores with microtubules for K-fiber formation (Varma and Salmon, 2012). 
Notably, Aurora B kinase destabilizes erroneous kinetochore-microtubule 
attachments through phosphorylation of essential microtubule binding factors at the 
kinetochore. These factors include multiple subunits within the KMN network, such 
as Hec1 (Ndc80 human homologue) (Welburn et al., 2010). We demonstrated here 
that B56 is essential for establishment of stable kinetochore-microtubule attachments 
(Figure 11A). Furthermore, knockdown of B56 markedly increased the levels of 
phosphorylated Hec1 as determined by immunoblot analysis using phosphospecific 
antibodies raised against phospho-Ser55 residue in Hec1. As shown in previous 
studies, this residue is phosphorylated by Aurora B kinase (Figure 13A) (DeLuca et 
al., 2011). This result is consistent with the idea that B56-PP2A is required for stable 
K-fiber formation by antagonizing Aurora B kinase. Strikingly, however, a large 
number of misaligned chromosomes were found close to the spindle poles in cells 
depleted of BUBR1 (Figure 7A). A similar poleward accumulation of kinetochores 
was seen in cells depleted of B56 (Figure 7A, 11A and 12A). Given that motor-
driven chromosome movement is also essential for promoting chromosome 
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congresion (Cai and Walczak, 2009; Foley and Kapoor, 2009), we therefore tested if 
these defects in chromosome congression in either B56- or BubR1-depleted cells 
were also due to a relative change in the motor driven force.    
 
To address this issue in a quantitative manner, we directly compared the degrees of 
chromosome misalignment caused by disruption of K-fiber through knockdown of a 
component within the KMN network in comparison with knockdown of either B56 
or BUBR1. Within the KMN network, in contrast to KNL1 and the Mis12 complex, 
the Ndc80 complex is dispensable for the kinetochore localization of 
BUBR1(Kiyomitsu et al., 2007; Kline et al., 2006; Meraldi et al., 2004; Elowe et al., 
2007; McCleland et al., 2004). Thus, we selectively disrupted K-fiber by knockdown 
of NUF2, the essential component in the Ndc80 complex (knockdown of NUF2 also 
reduces cellular Hec1 level) (Figure 13B) (DeLuca et al., 2002). Consistent with 
NUF2’s essential role in K-fiber formation, knockdown of NUF2 in HeLa cells 
markedly induced chromosome misalignment (Figure 13B), and the majority of 
misaligned chromosomes were found between the spindle poles and the metaphase 
plate. In contrast, in cells depleted of either BUBR1 or B56, a large number of 
misaligned chromosomes were found close to the spindle poles, consistent with a 
defect in chromosome movement.          
 
In order to compare the differences of defects in chromosome congression, we 
quantified the degree of the severity in chromosome misalignment by measuring the 
kinetochore relative distance. The kinetochore relative distance is designated as the 
ratio of the distance from each kinetochore to the metaphase plate divided by the 
interpolar distance (Figure 13B; see figure legend). If th
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the metaphase plate (mild chromosome misalignment), the relative distance is close 
to 0. In contrast, if the kinetochore locates at the spindle poles (severe chromosome 
misalignment) the relative distance is close to 0.5. As expected, more misaligned 
chromosomes with the increased relative distance were observed in NUF2-depleted 
cells compared with control cells (Figure 13C). However, as compared to NUF2-
depleted cells, the relative distance of misaligned chromosomes were substantially 
greater in both B56- or BUBR1-depleted cells (Figure 13C). This result indicates that 
B56-PP2A and BUBR1 may also contribute to chromosome alignment by promoting 









Figure 13. B56 and BUBR1 promote chromosome congression through 
additional pathways coordinating with K-fiber formation 
(A) HeLa cell were treated by nocodazole overnight after no transfection (UNT) or 
twice transfection of either control or B56 siRNAs, cells were wash and released 
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into media containing MG132 for 3 hours in the case of siRNA transfection. 
Lysates were collected for westernblot analysis probing with labeled antibodies. 
B56δ protein level indicates B56 isoforms combination (αγδε) knockdown 
efficiency. 
(B) Representative immunofluorescence images of different siRNA twice 
transfection (100 nM total siRNA, for the lower three panels 20 nM control 
siRNA were transfected together with 80 nM indicated siRNAs). 
(C) Distribution profile of kinetochores with different distances from the middle 
plane (drawn at the middle to the line links two centrosomes perpendicularly), 
more than 20 cells for each condition were quantified. If the kinetochore is located 
on the middle line, the ratio of kinetochore to metaphase plate distance (designated 
as “a”) versus interpolar distance (designated as “b”) will be 0. In contrast, if the 
kinetochore is at spindle poles the a/b ratio will be 0.5. Thus a/b > 0.5 indicates the 
most severe misaligned chromosomes. 
 
B56-PP2A is essential for chromosome congression by 
promoting chromosome movement towards the metaphase plate 
An essential alternative pathway to the classic K-fiber dependent chromosome 
congression is the motor-driven chromosome gliding. In particular, the motor-driven 
chromosome congression becomes essential in cells lacking K-fibers(Cai et al., 
2009a; Cai and Walczak, 2009).  Notably, it has been shown that the plus-end 
directed motor kinesin CENP-E localizes to the kinetochores and drives chromosome 
congression to the metaphase plate (Kapoor et al., 2006; Cai and Walczak, 2009). 
Interestingly, however, CENP-E mediated plus end movement is antagonized by the 
minus-end directed motor kinesin HSET. Importantly, in NUF2-depleted HeLa cells, 
K-fibers are not present. In these cells, knockdown of HSET allows chromosomes 
congress to the metaphase plate in a CENP-E-dependent manner. In our result, 
knockdown of B56 did not cause a measurable change in CNEP-E localization to the 
kinetochores (Figure 14A). We therefore tested if the defect in chromosome 
congression and poleward accumulation of chromosomes in B56-depleted cells were 







Figre 14. CENP-E and dynein functions may not contribute to B56 
knockdown caused congression defect 
(A) Representative images of HeLa cells transfected with either control or B56 
siRNA (100 nM siRNA mixture of αγδε) for time then subjected for 
immunofluorescence staining with indicated antibodies. 
(B) Quantification of percentage of cells with severe misaligned chromosomes 
after B56 depletion (80 nM siRNA mixture of αγδε) together with either control 
or dynein heavy chain siRNA (20 nM). HeLa cells were fixed for 
immunofluoresence staining after twice siRNA transfection. 
 
 
To address this possibility, two major motor proteins HSET and dynein were 
depleted together with B56 subunits in HeLa cells (Figure 14B; Figure 15), and cells 
were subsequently arrested in mitosis by MG132 treatment. As expected, 
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knockdown of B56 subunits caused massive chromosome misalignment with 
accumulation of the kinetochores near the spindle poles (Figure 15B). Strikingly, 
however, knockdown of HSET together with B56 subunits substantially reduced the 
population of cells with severe misaligned chromosomes (<50% of cells; Figure  
15B). This result suggests that B56-PP2A promotes chromosome movement toward 
the metaphase plate. Of note, knockdown of HSET alone affected neither K-fiber 
formation nor its stability, as previously demonstrated (Cai et al., 2009a). The rescue 
effect is specific to HSET because knockdown of the minus-end-directed motor 
protein cytoplasmic dynein is not effective at rescuing B56 knockdown (Figure 14B). 
This finding is also consistent with the previous study that, in NUF2 depleted cells, 
knockdown of HSET rescues the defect in chromosome congression better than 









 Figure 15. B56 depletion caused congression defect can be rescued by HSET 
knockdown 
(A) HeLa cell lysates from nocodazole arrested mitotic or asynchronous cells 
without siRNA transfection were collected as untreated controls (UNT), together 
with B56 knockdown (80 nM) plus 20 nM either control siRNA, HSET siRNA 
targeting coding sequence or HSET siRNA targeting 3’UTR were subjected to 
westernblot with indicated antibodies. B56δ antibody indicates the B56 
combination siRNA knockdown efficiency. 
(B) MG132 3 hours treatment was given to siRNA (B56 80 nM and others 20 nM) 
twice transfected HeLa cells, then cells were fixed for immunofluorescence 
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staining and quantification based on misalignment severity indicated in the 
schematic diagram 
(C) Kinetochore distance distribution similar to Figure 13B after HSET siRNA 
knockdown rescue 
  
Moreover, this effect was not an off-target effect of siRNA-mediated depletion of 
HSET, because re-expressing GFP-tagged HSET (immune to siRNA targeting 
3’UTR) reverses the rescue of chromosome alignment (Figure 16). Collectively, 
these results suggest that B56-PP2A may promote the motor driven chromosome 
congression possibly by antagonizing HSET.  
 
 
Figure 16. HSET siRNA rescues B56 caused congression defect is not an off-
target effect 
siRNAs were transfected into HeLa cells as labeled for twice, and the plasmids 
were co-transfected during the second siRNA transfection. Cells were treated with 




Moreover, similar to knockdown of B56, severe chromosome misalignment caused 
by knockdown of BUBR1 was also significantly reduced in cell co-depleted of 
HSET (Figure 17A). Notably, while BUBR1 mutants defective in binding and 
recruiting B56-PP2A were unable to promote chromosome congression (Figure 10), 
knockdown of HSET was also able to efficiently rescue this congression defect 
(Figure 17B).  Together, these results suggest that BUBR1 and B56-PP2A may 
promote the motor-driven chromosome movement toward the metaphase plate 







Figure 17. HSET also reduces BUBR1 deficiency and mutants induced 
chromosome congression defect 
(A) siRNAs twice transfected HeLa cells (BUBR1 80 nM, others 20 nM) were 
treated with MG132 for 3 hours before subjecting to immunofluorescence staining 
and quantification for severe misaligned chromosome only. 
(B) HeLa cells were transfected with labeled siRNA (BUBR1 80 nM, others 20 
nM) for twice, and the plasmids were co-transfected during the second siRNA 
transfection to replace the endogenous BUBR1. Cells were treated with MG132 
for 3 hours before subjecting to immunofluorescence staining and quantification 
based on the severity of misalignment showing in the left panel images. 
 
Loss of K-fibers by knockdown of B56 subunits is secondary to 
chromosome congression defect 
B56-PP2A is required for K-fiber formation (Figure 11A). To test if the role of B56 
in K-fiber formation is through promoting chromosome movement to the metaphase 
plate, we tested if joint depletion of B56 and HSET could also rescue K-fiber 
formation. Simultaneous knockdown of HSET and B56 subunits efficiently restored 
both chromosome congression to the metaphase plate (Figure 18A), and rescued K-
fiber formation in these cells (Figure 18A and B). This indicates that B56-PP2A is 
required for chromosome movement during congression, and that loss of K-fibers by 






Figure 18. HSET depletion also rescues K-fibers in congression rescued cells 
Using the indicated siRNAs (80 nM B56 and 20 nM others), asynchronously 
growing HeLa cells were transfected twice with a 24 h interval. Cells were then 
treated with MG132 for 3 h before fixation. Cells were incubated on ice for 10 
min and then subjected to immunofluorescence analysis. 
(A) Representative images of tubulin and DAPI staining  
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(B) Quantification of remaining K-fiber signal from (A) by calculating the ratio of 
mitotic spindle signal intensity to each cell background reference signal from the 
cytoplasm. 
 
To assess if rescue of motor dynamics could allow B56-depleted cells to progress 
through metaphase, cells stably expressing GFP-Histone H2B (chromosome marker) 
were followed by live-cell time-lapse microscopy analysis (Figure 19A and B). 
Timed from nuclear envelope break down (NEBD), all control cells exited mitosis in 
less than ~0.7 h (Figure 5D, E). In contrast, ~80% of HeLa cells depleted of B56 
subunits had a prolonged arrest in a prometaphase-like state with massively 
misaligned chromosomes. Only ~15% of B56-depleted cells completed chromosome 
congression and exited mitosis during our imaging period of ~15 h (Figure 19A and 
B). As above, co-depletion of HSET with the B56 subunits restored proper, 
chromosome congression in ~60% of HeLa cells (Figure 19A and B). Importantly, 
these cells subsequently successfully exited mitosis, again consistent with the 
restoration of K-fibers by simultaneous knockdown of HSET and B56 subunits 
(Figure18A and B). Of note, overall formation of the metaphase plate took longer in 
cells co-depleted of B56 and HSET (~2 h from NEBD to metaphase exit) than in 
control cells (~0.7 h NEBD to metaphase exit) (Figure 19B), suggesting that B56-
PP2A might also partially contribute to proper K-fiber formation or efficient 
metaphase exit. Together, we conclude that B56-PP2A is essential for chromosome 










Figure 19. HSET depletion rescues function K-fibers allowing cells to exit 
mitosis 
(A) HeLa cells stably expressing GFP-Histone H2B were transfected with 
indicated siRNAs twice with a 24 h interval. 12 h after the second transfection, 
time-lapse live-cell imaging analysis was performed for 15 h with 10 min intervals. 
Selected images of chromosomes from NEBD to anaphase are shown. 
(B) Quantification of cell fates from (A), each bar represents a single cell. The 
green color represents the cells exited mitosis, blue bars were cells arrested in 
mitosis within the time we were doing time-lapse (red box is the timepoint of time-
lapse ending), and purple color represents cells died during experiments. More 
than 47 cells were quantified. 
 
B56-PP2A and Aurora B may control the interaction between 
Hec1 and HSET  
How might B56-PP2A antagonize the minus-end directed kinesin HSET to promote 
chromosome congression? In budding yeast, Kar3 (HSET homologue) localizes to 
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the kinetochores (Tanaka et al., 2005)and interacts with Aurora B phosphorylated 
form of Ndc80 (Hec1 homologue) as well as the Mis12 complex (Wong et al., 2007; 
Jin et al., 2012). Furthermore, in mammalian cells, human HSET formed a complex 
with mouse Hec1 determined by a tandem purification followed by mass-
spectrometry analysis (Hutchins et al., 2010). Given that knockdown of B56 
increased Aurora B phosphorylation of Hec1 (Figure 13A), we hypothesized that 
B56-PP2A may promote chromosome congression by antagonizing the interaction 
between Hec1 and HSET. To address this issue, we first tested the interaction of 
HSET with Hec1 in mammalian cells. For this purpose, Myc tagged Hec1 (a.a. 1-
409) and GFP tagged HSET were transiently expressed in nocodazole-arrested 
HEK293 cells and subjected to immunoprecipitation analysis using antibodies 
against Myc-epitope. Determined by immunoblot analysis, Myc-Hec1 (a.a. 1-409) 
was pulled down together with GFP-HSET, indicating that Hec1 also forms the 
complex with HSET in mammalian cells (Figure 20) as found in yeast.  
 
 
Figure 20. Human HSET binds Hec1 in vivo 
Mitotic lysates (800 mg) from nocodazole-arrested HEK293 cells transiently 
expressing GFP-HSET together with either control or Myc-Hec1 (a.a. 1-409) were 
subjected for immunoprecipitation analysis with antibodies against Myc. 
Immunoprecipitated proteins were subjected to immunoblot analysis using 
indicated antibodies. 30 mg of proteins were used in whole cell lysate (WCL). 
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As a minus-end directed kinesin, HSET is consisted of the N terminal tail, the stalk 
and the C terminal motor domains. To fine map the binding site to Hec1, a series of 
HA-HSET deletion mutants were generated (Figure 21A) and subjected to co-
immunoprecipitation analysis with Myc-Hec1. Determined by immunoblot analysis, 
HA-HSET (a.a. 140-350) was able to form a complex with Myc-Hec1 (a.a. 1-409) 






Figure 21. HSET uses its stalk region for Hec1 interaction 
(A) Schematic diagram of HSET truncation mutants used for Hec1 interaction. 
(B) Mitotic lysates (650 µg) from nocodazole-arrested HeLa cells transiently 
expressing Myc-Hec1 (a.a. 1-409) together with either control or HA-HSET 
fragment (a.a. 140-350) were subjected for immunoprecipitation analysis with 
antibodies against HA. Immunoprecipitated proteins were subjected to 
immunoblot analysis using indicated antibodies. 30 mg of proteins were used in 
whole cell lysate (WCL). 
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Notably, pharmacological inhibition of Aurora B by ZM447439 treatment decreased 
the ability of HA-HSET (a.a. 140-350) in binding Myc-Hec1 (a.a. 1-409), suggesting 
that Aurora B phosphorylation promotes the interaction between HEST and Hec1 
(Figure 22). Furthermore, given that knockdown of B56 increased the levels of Hec1 
phosphorylated by Aurora B (Figure 13A), it is tempting to speculate that B56-PP2A 
may antagonize HSET-mediated minus-end-directed force on chromosomes by 
inhibiting the recruitment of HSET to the kinetochores via Hec1, in an Aurora B 
phosphorylation dependent manner.  
 
 
Figure 22. Aurora B promotes HSET and Hec1 interaction 
Mitotic cells from nocodazole-arrested HeLa cells transiently expressing Myc-Hec1 
(a.a. 1-409) together with either control or HA-HSET fragment (a.a. 140-350) were 
treated with either DMSO or ZM447439 in the presence of MG132 for 3 hours 
before harvest. Mitotic cell lysates were subjected for immunoprecipitation analysis 
with antibodies against HA. Immunoprecipitated proteins were subjected to 
immunoblot analysis using indicated antibodies.  
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The B56-BUBR1 interaction is required for rescue of 
chromosome congression in BUB1B-mutated MVA cell lines  
Mosaic variegated aneuploidy (MVA) syndrome is often due to mutations in BUBR1 
that result in protein loss or premature termination before the chromosome 
congression domain (Hanks et al., 2004). Chromosome congression defects are 
frequent in cell lines derived from BUB1B-mutatedMVA cases (Suijkerbuijk et al., 
2010). To test if the defect in MVA is due to failure to recruit B56-PP2A to the 
kinetochore, we tested if wild type or B56-interaction defective mutant of BUBR1 
could rescue the MVA phenotype. We obtained fibroblast cell lines derived from 
MVA patients (MVA-41C, MVA-12C) as well as from a normal healthy individual 
(Suijkerbuijk et al., 2010). Consistent with previous reports, BUBR1 protein was 
markedly lower in patient as compared with normal control cell lines (Figure 23A). 
To determine the degree of chromosome congression defects, these cell lines were 
treated with MG132 to block transition from metaphase, and fixed for quantification 
using immunofluorescence analysis. As reported previously, less than 35% of the 
cells derived from MVA patients had aligned chromosomes (Figure 23B, right 
graph). Furthermore, transiently expressed LAP-BUBR1(1–730-WT) substantially 
increased the fraction of MVA-41C and MVA-12C cells with well aligned 
chromosomes (Figure 23B). This result is consistent with the finding thatMVA is a 
recessive disorder caused by low BUBR1 protein abundance (Suijkerbuijk et al., 
2010). Strikingly, however, expressing BUBR1 mutant [LAP-BUBR1(1–730-I/F)] to 
the kinetochores (Fig. 4B, left panels) not only failed to rescue chromosome 
congression defects in both MVA cell lines, but it further increased the population of 
cells with markedly misaligned chromosomes (Figure 23B, right graph), suggesting 
that this mutant functions in a dominant-negative fashion, possibly by competing 
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with the remaining endogenous BUBR1. To further address whether B56-PP2A 
recruitment to the kinetochore by BUBR1 is specifically affected in MVA patient 
cell lines, we artificially targeted B56-BB2A to outer kinetochores in both MVA cell 
lines. 
 
For this purpose, we utilized the minimal motif of BUBR1 carrying 
phosphomimetic mutations for binding B56s (termed as KARD-3D), which was 
fused with LAP-tagged outer kinetochore protein MIS12 (LAP-MIS12-KARD-3D) 
(Suijkerbuijk et al., 2012a). Importantly, artificially targeted PP2A-B56 to the 
kinetochores by transiently expressing LAP-MIS12-KARD-3D was able to 
efficiently restore chromosome alignment in both MVA cell lines (Figure 23B, right 
graph). Together, these results show that the B56-BUBR1 interaction is crucial for 
chromosome congression in BUB1B-mutated MVA patient cell lines, and that the 
defect in chromosome congression is at least partly due to inefficient recruitment of 







Figure 23. The B56-BUBR1 interaction is required for chromosome congression 
in BUB1B-mutated MVA cell lines  
(A) Immunoblot analysis of BUBR1 abundance in asynchronously growing 
established fibroblast cell lines from BUB1B mutated MVA patients (MVA-41C, 
MVA-12C) in comparison with fibroblast from normal healthy individual (HDF-N).  
(B) Quantification of chromosome alignment in BUB1B-mutated cell lines. LAP-
BUBR1 or LAP-MIS12-KARD-3D were expressed in the indicated cell lines, and 24 
hours after transfection, cells were treated with MG132 for 3 hours before 
immunofluorescence analysis using antibodies against a-tubulin and DAPI to 
visualize the mitotic spindles and chromosomes, respectively. Representative images 
are shown in left panels. The average % aligned chromosome from three independent 
experiments (more than 50 cells per condition) is shown. To determine the statistical 














In this thesis, I studied the molecular mechanisms of which mitotic phosphatases and 
kinases dynamic regulates chromosome congression, In particular, using genetic 
perturbation, microscopy techniques, biochemical analysis and human patient cell 
lines, I demonstrated that B56-PP2A is a key mediator of BUBR1’s role in 
chromosome congression and functions by antagonizing Aurora B activity at the 
kinetochore. Specifically, I demonstrated that B56-PP2A is recruited to the 
kinetochores via direct interaction with BUBR1. In turn, B65-PP2A at the 
kinetochores leads to balanced motor activity that is essential for establishing stable 
kinetochore-microtubule attachments at the metaphase plate. This B56-BUBR1 
interaction is relevant to human disease, as I demonstrated that the failure of BUBR1 
to recruit B56-PP2A is also directly responsible for the chromosome miscongression 
found in cells derived from patients with the Mosaic Variegated Aneuploidy (MVA) 
syndrome. 
 
B56 family bound PP2A promote chromosome congression in a 
redundant manner 
Multiple proteins can regulate chromosome congression through various ways. 
However, the roles of phosphatases in chromosome congression are still elusive. As 
one of the major Ser/Thr protein phosphatases, the importance of PP2A in 
chromosome congression has been indicated with pharmacological inhibitor okadaic 
acid long time ago (Van Dolah and Ramsdell, 1992; Vandré and Wills, 1992). Here, 
I demonstrated that through B56 family, PP2A holoenzyme promotes chromosome 
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congression. In the absence of B56, cells are arrested in mitosis with massively 
misaligned chromosomes and activation of SAC signaling. This result is consistent 
with reports showing depletion of PP2A A subunit induces chromosome 
misalignment (Kitajima et al., 2006; Tang et al., 2006). However, disrupting the 
structural subunit of PP2A could directly or indirectly affect various signaling 
pathways that are mediated by different regulatory subunits. Therefore, the present 
study is important because specific disruption of B56 family members elucidates the 
direct role of PP2A holoenzyme in chromosome congression. Notably, as B56 family 
members share the central domain with ~70% homology, B56 redundantly interact 
and regulate the functions of APC (Seeling et al., 1999), Shugoshin (Kitajima et al., 
2006). Similarly I demonstrated here that B56 redundantly binds BUBR1 and 
regulates chromosome congression. Moreover, independent from this present study, 
a similar result of B56-PP2A in controlling chromosome congression have been 
demonstrated recently (Foley and Kapoor, 2009). Notably, however, based on the 
observation of hyperphosphorylation of KMN network components including KNL1 
and DSN1 (from Mis12 complex) in the absence of B56, Foley and coworkers 
attributed the underlying mechanism of B56-medaited chromosome congression to 
directly regulate the function of KMN network. However, it has been unclear how 
B56-PP2A is targeted and regulated at the kinetochore. Furthermore, it remains 
elusive whether B56-PP2A directly regulates the KMN network or the motor activity 
of chromosome that is essential for establishing stable kinetochore-microtubule 
attachment at the metaphase plate. The results I presented here help to clarify these 
questions by demonstrating that B56-BUBR1 interaction is a key event to promote of 
the motor-driven kinetochore movement for chromosome congression. 
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BUBR1 recruits B56-PP2A to antagonize Aurora B activity 
The results of B56 association with the SAC regulator BUBR1 explain how B56-
PP2A is recruited to facilitate chromosome congression at the kinetochore. It has 
been speculated that BUBR1 antagonizes Aurora B at the kinetochore to promote 
chromosome alignment at the metaphase plate, but the molecular mechanism has 
remained unknown. The results presented here reveal that B56-PP2A, via interaction 
with BUBR1 at the kinetochore. This kinetochore recruitment of B56-PP2A is an 
essential for antagonizing Aurora B kinase. Importantly, I demonstrated that BUBR1 
point mutants defective in binding to the B56 subunits fail to rescue chromosome 
congression defect that is caused by depletion of endogenous BUBR1. In contrast, 
either chemical or siRNA-mediated inhibition of Aurora B rescued this defect in 
chromosome congression, further supporting this conclusion.   
 
Mutation analysis of BUBR1 revealed that two small domains within the congression 
regulation region of BUBR1 (a.a. 630-640 and a.a. 670-720) are requared for binding 
B56-PP2A. BUBR1 is hyperphosphorylated during mitosis, and mitotic kinases 
Cdk1, Plk1 and Mps1 have been shown to phosphorylate S670 (Elowe et al., 2007; 
Huang et al., 2008) (in response to lack of kinetochore-microtubule attachment) and 
S676 (Elowe et al., 2007) (in response to lack of tension) within this evolutionary 
conserved second motif (a.a. 670-720) of BUBR1. Kops and his colleague show that 
phosphorylation within this second motif by Plk1 promotes direct interaction of 
BUBR1 with B56α-PP2A to counter excessive Aurora B activity at the kinetochores 
(Suijkerbuijk et al., 2012b). These findings are consistent with the conclusion that 
the B56-BUBR1 interaction is essential for chromosome congression. However, 
BUBR1 mutants in which S670 was deleted or residue S676 replaced with alanine 
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Are able to bind B56δ in a directed two hybrid assay (data not shown), suggesting 
that phosphorylation of these residues by Cdk1 and Plk1 may not be requared for the 
B56-BUBR1 interaction, or additional phosphorylation by Plk1 within this second 
motif including T680 might be essential to promote this interaction (Suijkerbuijk et 
al., 2012b). 
 
The B56-BUBR1 interaction is required for rescue of 
chromosome congression in BUB1B-mutated MVA cell lines  
Chromosomal instability in MVA patients carrying BUB1B mutations is often due to 
low BUBR1 protein abundance (Suijkerbuijk et al., 2010). Affected patients either 
have bi-allelic BUBR1 mutations or mono-allelic BUBR1 mutations combined with 
allelic variants that lead to low wildtype BUBR1 protein abundance. Moreover, gene 
knockout study in mice supports the notion that BUBR1 protein levels tightly 
correlate with aneuploidy rates, cancer susceptibility, lifespan and aging-related 
phenotypes (Baker et al., 2004). In this study, we demonstrated that loss of the B56-
BUBR1 interaction also contributes to the chromosome congression defects found in 
bi-allelic BUB1B-mutated MVA cell lines. Notably, this defect in chromosome 
congression caused by loss of the B56-BUBR1 interaction was not due to differences 
in the protein abundance between wildtype and mutant BUBR1. Furthermore, 
artificially targeted PP2A-B56s to the kinetochores was able to rescue chromosome 
misalignment in MVA patient cell lines. Thus, our results indicate that deregulated 
B56-PP2A might also contribute to the increased frequency of chromosome 
instability with whole chromosome gain or loss found in MVA cases. Given that we 
isolated point mutants of BUBR1 defective in binding B56-PP2A, generating an in 
vivo model system (e.g. knock-in mouse model) of MVA syndrome may provide an 
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important insight into this question. Furthermore, it will be of interest to further 
examine whether mutations of BUBR1 occur within and surrounding BUBR1 motifs 
responsible for the B56-BUBR1 interaction.  
 
B56-PP2A coordinated with Aurora B to regulate HSET-Hec1 
function 
Strikingly, my findings also reveal the key mitotic role of B56-PP2A in promoting 
chromosome movement towards the metaphase plate. Although depletion of B56 
subunits also causes loss of K-fibers (Foley et al. 2011; and this study), rescuing 
chromosome congression defect by depletion of the minus-directed motor protein 
HSET was sufficient to restore K-fibers. These results suggest that HSET 
antagonizes K-fiber formation. It is known in budding yeast, Kar3 can transport 
chromosomes to the spindle poles by gliding, through kinetochore association 
(Tanaka et al., 2005). Thus, it is possible that HSET may drive kinetochore poleward 
transportation through Hec1 association as Aurora B phosphorylation of Hec1 may 
enhance this interaction. As B56-PP2A is essential to antagonize Aurora B at the 
kinetochores, a large number of chromosomes accumulation near the spindle poles in 
B56-depleted cells may be caused by accumulation of HSET to the kinetochores via 
Hec1 in an Aurora B-dependent manner. Given that chromosome congression defect 
in B56-depleted cells was rescued by either depletion of HSET or inhibiting Aurora 
B, it suggests there is a common phospho-substrate of B56-PP2A and Aurora B that 
controls chromosome congression. Other than Hec1, HSET itself is also a mitotic 
phosphoprotein (unpublished data). As HSET itself is mitotic phosphoprotein, an 
interesting direct possibility is that B56-PP2A might target HSET to inhibit its pole-
directed force that antagonizes the activity of the plus-end directed motor CENP-E. 
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Another possibility is that, as Aurora kinases can phosphorylate CENP-E (Kim et al., 
2010) and BUBR1 directly binds CENP-E (Chan et al., 1998), B56-PP2A together 
with BUBR1 might regulate CENP-E motor activity by antagonizing Aurora B at the 
kinetochore.  
 
Notably, once chromosomes are aligned at the metaphase plate, these cells are able 
to exit metaphase. This result indicates that loss of K-fibers by knockdown of B56 
subunits is secondary to chromosome miscongression. However, it is worth noting 
that since overall timing required for formation of the metaphase plate was longer in 
B56-depleted cells as compared to control, B56-PP2A may also function directly in 
stabilizing kinetochore-microtubule attachment as the idea recently proposed (Foley 
et al., 2011; Suijkerbuijk et al., 2012b) or in promoting efficient metaphase exit. 
However, PP1, rather than PP2A, is thought to be the major phosphatase involved in 
directly stabilizing K-fibers, as PP1 has been shown to reverse phosphorylation on 
the kinetochore substrates of Aurora B including the KMN network (Lesage et al., 
2011; Lampson and Cheeseman, 2011). Notably, blocking KNL1 recruitment of PP1 
to the kinetochores markedly compromised the formation of cold-stable K-fibers, but 
it did not affect chromosome congression (Liu et al., 2010). Thus, the results present 
in this study favor a model in which B56-PP2A promotes chromosome movement 
towards the metaphase plate where chromosomes have a higher probability of 
establishing PP1-dependent connections with microtubules emanating from both 
spindle poles. Therefore, it will be of interest to investigate whether and how B56-
PP2A cooperates with PP1 to establish stable kinetochore-microtubule attachment 




Figure 24. The model for B56-BUBR1 complex in chromosome congression  
In early prometaphase stage (or depletion of B56 condition), Aurora B kinase 
phosphorylates Hec1 in KMN network. This phosphorylation at its N terminus 
favors Hec1’s interaction with HSET. As a minus end directed kinesin, HSET is 
important for the kinetochore movement towards the spindle pole area. After the 
activation of spindle assembly checkpoint, BUBR1 strongly accumulates onto the 
kinetochores. Through direct interaction, B56-PP2A is recruits onto the kinetochores 
by BUBR1 to directly or indirectly (may through PP1) dephosphrylates Hec1. After 
dephosphorylation, Hec1 loses the binding to HSET. Additionally, dephosphorylated 
Hec1 has higher affinity to the tip of microtubules. After forming proper microtubule 
kinetochore end-on attachment, the kinetochores are aligned on the metaphase plate. 
The cell then exit mitosis after spindle assembly checkpoint inactivation.  
 
In summary, this present study provides the molecular basis of the BUBR1:B56-
PP2A complex regulating chromosome alignment during mitosis and its pathological 
importance in human MVA syndrome. Since the role of the tumor suppressor PP2A 
in controlling tumor progression is thought to be governed by a specific set of B 
regulatory subunits, and several members of the B56 family have been shown to 
direct the tumor suppressive activity of PP2A, it is also tempting to speculate that 
misregulation of B56-PP2A might be also associated with tumorigenesis through 
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